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1.0 INTRODUCTION

1.1 Philosophy

This year's research effort concentrated on evaluating the
state-of-the-art in material modeling for dynamic loading conditions and
developing some basic tools for further research.

Because complex dynamic loading of soils occurs under many different
situations, it has been necessary to gather information from various
disciplines within soil mechanics. The areas of earthquake and ground-shock
seem to dominate, but other areas such as wave and wind effects, vehicle
loading, machine vibrations and impact loading also are very much concerned
with dynamic soil properties. The magnitude and nature of forces imposed on
tne soil varies quite widely among these types of loading. As a result, the
people working in a specific area tend to concentrate on the soil behaviors
wnich seem to be most important for their problem. The basic philosophy
behind this research, however, is that a soil mass really has only a single
fundamental behavior. The properties of a soil mass canrot be different
Just because the load is a vibrating machine or a 100 kt nuclear blast.
Rather, certain properties will dominate soil behavior under certain Tload
conditions. A truly accurate and complete constitutive model would be based
on the most fundamental properties and cover all behaviors. Unfortunately,
in ...eloping a comprehensive soil model, one 1is limited by testing
capabilities, both in the lab and field, by the ability to mathematically
express and use complex models, and, to a varying degree, one is limited by
imagination in recognizing fundamental soil properties.

In light of this, our effort is directed toward gaining a better
understanding of both soil constitutive models and insitu soil behavior. In
engineering, one must obtain the right mixture of accuracy and simplicity.
If a soil model which 1is fundamentally correct can be suitably
compartmentalized, and if one knows what properties are most pertinent to
the problem at hand, then the necessary elements of the model can be chosen
and the soil behavior may be suitably modeled.

1 APPLIED RE/EARCH RIOCIRTE/,INC.




1.2 Scope

This report deals primarily with material modeling in its current state
as it applies to soils. A general discussion of soil models and their use
is included. A description of a computer code which is presently being
developed under this effort and which will be used to study material models
is presented. In addition, there is a section on insitu material properties
summarizing a series of two-dimensional finite difference calculations which
has been done. And finally, some special topics which are important to
material modeling, shear behavior and effective stress modeling, are
discussed.

1.3 Methodology

In order to proceed with minimum duplication of effort, a review of the
existing literature was undertaken. The general topics covered were:

i) Material Modeling
a) Review Papers
b) Specific Soil Models
c) Calculational Studies/Modeling

ii) Insitu Testing
a) Explosive Loading
b) Insitu Shear Properties

iii) Laboratory Testing

Appendix A is a summary list (by topic) of the more important
references. Please note that this list is continuously being updated and is
certainly not exhaustive.

Evaluation of various material models has begun, using a computer code

which is capable of simulating several different stress and strain loading
paths. The computer program allows model study without having to perform

2 APPLIED RE/ERRCH ALOCIATE/,INC.




expensive boundary value calculations. It is by no means, however, a :
replacement for finite difference/element studies because it cannot i
reproduce overall geometry and material interaction effects. In view of
this, several finite difference calculations of Cylindrical In-Situ Test

(CIST) sites were also performed. This allowed the study of material
behavior under insitu, large strain conditions. Because of the sizable CIST
data base, the calculations also served as a basis for evaluating a modeling
effort with actual field data.

This report summarizes the past years efforts as outlined in the
statement of work contained in the following section. Soil modeling is
reviewed in Section 2, the Soil Element Model is described in Section 3 and
in-situ material behavior is presented in Section 4. Section 5 contains tne
results of two special study areas and the effort is summarized in Section 6. q

1.4 Statement of work

The following are the tasks as outlined in Contract No.
F49620-80-C-0088 “"Fundamental Properties of Soils for Complex Dynamic
Loadings".

TASK 1. Development of Plotting Routines for Data Display

ARA will prepare plot routines for 2-D finite difference codes to
allow plots of the states of stress and strain, particle velocities
and displacements. Included will pe the variation of these
parameters at various times as well as plots of the CIST data.

TASK 2. Perform Two-Dimensional Finite Difference Calculations of the Middle
Gust Wet Site CIST (CIST-9) and Dry Lake Valley CIST (CIST-23)

Using the best available cavity pressure description for CIST-9 and
CIST-23, ARA will perform the 2-D calculations using the following
material models:

e Elastic Based on Seismic Wave Speeds

3 APPLIED RESEARCH ANOCIATE/,INC.
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Engineering Model (AFWL) Fit to Laboratory Recommended
Properties

Engineering Moogel Developed from 1-D Analysis of CIST-9 by AFWL
Hydrostatic

Elastic, Perfectly Plastic Using Seismic Wave Speeds and
Laboratory Failure Surface

Engineering Model with Revised Properties to Better Fit
Experimental Velocity-Time Histories

Engineering Model Updated (on basis of preceding calculation)
to Better Fit Data

TASK 3. Perform Two-Dimensional Finite Difference Calculations of CIST

Events in Saturated Sand

A series of calculations as described for CIST-9 will also be
performed for saturated sands. CIST-10 and CIST-15, 16 will receive
the primary focus. Perform additional calculations as necessary to
vetter resolve the pasic response of the dry clay, saturated clay,
clay shale, dry sand, and saturated sand wnhich will be studied in
Tasks 2 and 3. It is estimated that 8-10 additional calculations
will be required.

TASK 4, Interpretation of Calculational Studies to Describe the Fundamental
Response of the Two Geologic Materials

The calculations performed in Tasks 2 and 3 will be used to develop
an understanding of the effect of the assumption concerning the form
of the material model on the behavior of the materials. The
difference exhibited in the stress and strain paths by the various
models will be compared to the implied behavior of the real
materials. Comparisons of these stress paths to those utilized in
laboratory tests and expected to occur in field conditions will be
used to evaluate the potential of the models studied and to suggest
improved laboratory testing procedures. In particular, the
characteristics of constitutive models that would be required to

4 RPPLIED RE/ERRCH ROCIATE/,INC.




TASK 5.

reproduce the measured response of these two materials will be
described and compared to other available models that were not
evaluated in this study.

Recommendations concerning constitutive model development necessary
to better model these materials will be developed.

Development of a Soil Element Code

A computer code will be developed to allow study of the
characteristics of the various material models to prescribed stress
or strain paths. The code will be general enough to reproduce the
stress paths representative of current laboratory tests as well as
paths of interest which cannot be reproduced in current test
apparatus.

This code will then be exercised for representative material models
to develop a better understanding of the limitations and advantages
of current models and laboratory testing devices. At least one
model from each of the following groups will be evaluated:

Elastic

Viscoelastic
One-Dimensional Curve Fit
Ideal Elastic-Plastic
Elastic Non-Ideally Plastic

As a minimum each model evaluated will be subjected to the following
loading conditions:

Repetitive Pure Shear

Hydrostatic Compression

Uniaxial Strain

Biaxial Compression (Std. Triaxial Test)

Plane Strain with Rotation of Principal Strain Direction

5 RPPLIED RE/ERRCH AXOCIATY,INC.
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e True Triaxial Loading
e Biaxial Extension
e (Complex Loading Histories

In all cases the response will be evaluated for various levels of
loading and repetitions of load. The complex loading histories will
be developed from study of CIST, earthquake, and explosive surface
burst calculations.

TASK 6. Evaluation of Shear Response in In-Situ Material Property Tests

ARA will:

Perform theoretical and calculational studies of the shear stresses
generated in the plane (DISK HEST), cylindrical (CIST) and spherical
dynamic, high stress, in-situ tests. These studies will focus on
the nature (location and magnitude) of the shear stresses and
strains developed, their spacial and temporal variation, and how
they might be measured and interpreted.

Analyze experimental data from representative tests of each type to
corroborate the theoretical studies and establish experimental

measurement limitations on the recovery of shear response data.

Develop alternatives to current in-situ test configurations and ;
measurements to improve recovery of shear data.

TASK 7. Theoretical Analysis of Special Problems in Modeling Soil Behavior

Study the consequences, in terms of computer storage requirements,
of wusing true multi-phase models 1in finite difference codes
especially with respect to the AFWL CRAY computer.

Evaluate alternate approximate methods of treating effective stress
in finite difference calculations.

6 APPLIED RE/EARCH RLOCIATE/,INC.
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Study the physical basis for soils increase in strength at very high
(several kilobars) pressures.

Other issues identified in previous tasks.

The general result of this task will be input to future theoretical
work on model development.

7 APPLIED RE/ERRCH ALOCIATE/,INC.




2.0 SOIL MODELING
2.1 Theoretical Requirements

Constitutive relations used to model physical phenomena must obey the
laws of thermodynamics and other principles of continuum mechanics. (A
model may consider the soil material to be particulate, but homogeneity is
usually still assumed). The model should produce behavior which is smooth
and continuous, as this seems to be the case for soil, and infinitesmal
changes in load should produce infinitesimal changes in state.

Several material models in use today do not satisfy all the above
criteria. This 1is primarily a result of the "ad hoc" nature of soil
modeling to date. There is a tendency to develop a model wnich produces the
required behavior under the given conditions with 1ittle concern for
generality, completeness, or theoretical correctness. These models are then
usually applied to different conditions by an unsuspecting modeler who soon
discovers some unusual behavior.

2.2 Behavioral Requirements

Certain behavioral characteristics of soils have been observed in lab
tests, insitu tests, and (in practice) under actual field 1loading
conditions. Although it is impossible to completely summarize soil behavior
in this report, a complete soil model would need to address each of the
following:

a) Soils exhibit non-linear response, even at strains as low as
-5
10 L]

D) Permanent (irrecoverable) deformations occur under both pressure
and deviatoric loading.

c) Initial unloading (shear and volumetric) is very often elastic in
nature.

APPLIED RE/EARCH RHOCIATE/INC.




d) There wusually is a convex (or "stiffening”) shape to the
volumetric pressure-strain response while there is a concave (or
“softening") shape of the shear stress-strain behavior.

e) Soils display a shear strength, Tnax® beyond which shear

“failure" takes place - usually defined as the development of

e e X e i s ke b s

large deformation under small increases in applied stress.

f) Normal stress (confining pressure) has a significant effect on
properties.

gq) There is a coupling of volume behavior and shear behavior often
referred to as shear-dilatancy coupling. :

h) The response of a soil up to a particular stress state depends on
the stress path taken to obotain that state (stress path
dependency).

i) Soils may exhibit anisotropy due to their history, i.e.
ageposition, overconsolidation, compaction, etc. :

J) Stress induced anisotropy can occur as a result of current ]
loading conditions,

k) At low stress levels, strain will occur in the direction of a
stress increment, while at high stress levels, strain occurs in
the direction of the overall stress state.

1) Soils may display a "“peak" strength with subsequent strain
softening to a "residual" strength.

m) Cyclic loads produce special effects such as "ratcheting" of
hysteresis loops. If the cycled stress level is low enough an
eventual equilibrium state will be reached. Energy dissipation
(hysteresis) occurs even at low strain levels,

n) Multi-directional <cycling produces different effects than
unidirectional cycling.

8 RAPPLIED RE/ERRCH ALOCIATE/,INC.




0) The properties of soils vary with strain magnitude. 1
P) Soils may exhibit loss of structure (sensitivity).

q) Deformation in some soils may become highly localized, e.g.

formation of “shear bands" in clay soils under triaxial test
conditions.

r) Rate of deformation affects some soil properties.
If one considers that soil is actually a three-phase material
(air-water-soil solids) there are many additional behaviors which

must be accounted for. Some of the more important:

s) Liquefaction due to excessive pore pressure and subsequent 1loss
of shear strength, 1

t) Pore fluids migrate depending on a number of gradient fields.

u) Pore fluids create additional rate effects.

As of yet, no soil model has taken all of these behaviors into account,
and this may, in fact, not be possible.

2.3 Practical Requirements

To successfully apply a particular constitutive model to a practical
engineering situation, it must meet certain requirements. First, it must be
understandable. A model which is so complex to the point of being overly
cumbersome is not very useful to an engineer. Second, the model must be
physically meaningful. If each element of the model can be associated with
one or more of the above soil behaviors, the model is much easier to work
with and alter as necessary. Finally, a model must be suitable for use on
existing computer hardware. This is a somewhat 1limiting factor, but
capabilities are improving with each new generation of computer, and this
greatly broadens the alternatives for choosing a suitable model.

9 APPLIED RE/ERRCH RISOCIATE/INC.




2.4 Available Soi) Models

& ahne o i il e,

The following is a list of the major models which are available for
soil. (Each of these may have a number of subsets.) The models which have :
been installed in the soil element are summarized in Section 3.3.

Information on the others may be found by consulting the appropriate
references as outlined in Appendix A.

Simple Models
a) Elastic (Linear or Non-Linear) i
b) Visco-Elastic
c) Elastic-Perfectly Plastic
d) Curve-Fit Models :

More Complex Models
e) AFWL Engineering Model
f) Cam-Clay Model ;
g) Cap Model
h) Rate Type Fluid Models
i) Lade's Model
j) Prevost's Model
k) Endochronic Models
1) Multi-phase Models

10 APPLIED RE/EARCH AKOCIATE.,INC.




3.0 SOIL ELEMENT MODEL

3.1 Purpose

There are many constitutive models for soils which have been developed
and tested to varying degrees. Some models have their basis in elastic
theory or the theory of plasticity. Others are developed specifically to
produce one or more of the behaviors discussed earlier (Section 2.2,
Behavioral Requirements). In order to bring several models into direct
comparison, a computer code has been written which can drive these models at
the user's discretion. This "Soil Element Model", is a tool for performing
material modeling studies. It has been developed with generality in mind so

that it may be useful in several ways. Parameter studies of a particular
model may be performed, which provide a valuable understanding of how a
model's behavior depends on the assigned coefficients. One may subject two
or more models to identical boundary conditions and compare the results.

Model behavior can also be compared with test data, either in an effort to
fit a model to a set of data or to predict soil response for a particular
test. And most important, the Soil Element Model (SEM) is useful for model
development and syntnesis; new relationsnips may be tested or model elements
may be combined to produce the best model behavior.

3.2 Description

The SEM is a small computer program which has been developed at ARA and
presently is operational on the CRAY-1S computer at the Air Force Weapons
Laboratory. It 1is basically an adaptation and generalization of a code
called "SANDR" which was written by G. Baladi at WES for Sandia Laboratories
(Ref. 1). SANDR is <capable of simulating the Obehavior of the
effective-stress cap model under standard triaxial test boundary
conditions. SEM incorporates several material model options and can
simulate, at present, true-triaxial, pure shear, and arbitrary boundary
conditions as well as standard triaxial.

The program consists of a driver, a choice of constitutive model

algorithms, and plotting routines. The basic idea is illustrated in Figure
3.1. The Driver's role is to handle input and output operations and provide

11 APPLIED RE/ERRCH AOCIATE/,INC.
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Figure 3.1. Basic so0il element model logic.
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tne material model with a strain increment, while enforcing any specific
boundary conditions wnich may be appropriate. For example, in the standard
triaxial test, the strain increment tensor must be controlled so as to
produce a stress state with o = Ooy- The material models provide a
constitutive relationship ([H]) which generates a new stress tensor:

[de] = [H] [de] (3.1)

It is imporcant to keep the material model distinct from the driving
mechanism to allow easy alteration and/or substitution,

A1l of the models are "strain controlled", as in equation 3.1 above.
This 1is consistent with most finite element and finite difference code
formulations. As a result, making a model follow a particular strain path
is relatively easy. Most laboratory tests, however, are run under stress
controlled conditions. In studying a particular model it would be
convenient to subject it to a specific load path, i.e. that of a particular
laboratory test. This is done in SEM via iteration. That is, if the stress
state wnich is calculated with a particular material model aoes not meet the
boundary stress conditions, the strain increment tensor is adjusted and the
stress is recalculated. This involves finding an efficient method for
adjusting the strain increment tensor. The more general test boundary
conditions, such as true triaxial, are somewhat more difficiult to
iteratively duplicate.

SEM uses any set of consistent units. Output appears in the same units
as are input. A number of plot options may be chosen to graphically display
the results.

3.3 Constitutive Relations

The soil element model has great potential for aiding in model study

and is constantly developing, The following paragraphs will describe the
present status of the SEM.
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The following five constitutive models are presently incorporated into
the the program:

1) Elastic

2) Elastic - Perfectly Plastic
3) One-Dimensional Curve Fit
4) AFWL Engineering Model

5) Effective Stress Cap Model

Appendix B describes the notation used in the model subroutines and
gives some general definitions. An attempt was made to be consistent in
going from one model to the next, although this 1is not always possible.
Note that all models assume the material to be homogeneous and isotropic.

3.3.1. Elastic Model
The constitutive relationship here 1is simply Hooke's Law. Only two

constants are required to completely define a linearly elastic, isotropic
material, we use K and G, where

K - kk
3 €Kk
S..

6= 'Y (3.2)
E;j

and Sij and €5 are deviatoric stress and strain, respectively. An
expression for stress in terms of strain may then be derived:

1)

kk

“kk
eij = cij - _3_ (513)

14 APPLIED RESERRCH RIFOCIATELINC.




combining,

%13 7 215 T —

and substituting,

kk
3K~-26G

Equation (3.3) describes both tne volumetric and deviatortic response
of an elastic material.

3.3.2. Elastic - Perfectly Plastic

In the elastic-plastic case, a failure surface is defined (in \/327,
J1 space) up to which a material behaves linearly elastically. When the
stress path intersects the failure envelope, plastic strain occurs according
to an associated flow rule and the devatoric stress may not exceed the
failure surface.

The failure surface is defined as an exponential (see also figure 3.2a),

BJ

1

(3.4)

Because it is defined in terms of JZ', the intersection of the
failure surface with the deviatoric plane is a circle (figure 3.2b).

When a stress increment based on eleastic behavior violates the failure
surface (see figure 3.2c) some plastic strain occurs and a correction must
be made to bring the stress state back to the failure surface. An
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¢) Correction Procedure for Violation of Failure Surface

Figure 3.2. Elastic-plastic model.
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associative flow rule to the

First a volumetric plastic strain is calculated as follows:

is enforced and corrections are made nourmal
failure surface.

_ € -

P W2 - f(‘]IE) sf
d Sk = 3 (3.5)

2 sty

9K ‘f> + 6
L\ _
then,
E p

Jl = Jl ~-3Kd €Lk (3.6)

A ratio is calculated based on the amount of necessary correction, and
the stress deviators are multiplied vy this adjustment:

£(4
- () s

iJ
£(2,5)

E

i (3.7)

3.3.3. One-Dimensional Curve Fit

Curve-fitting is an empirical method for modeling the behavior of a
material. A trend is observed in some tlaboratory test data
mathematical curve is fit to it which reproduces that data.
be exponential,
form,

and a
The curve may
hyperbolic,

polynomial, or any other convenient functional

The curve-fit routine in the SEM is aimed at reproducing the cyclic
shearing behavior observed in soils. It is taken from a paper entitled
"Nonlinear Soil Models for Irregular Cyclic Loadings" by Robert Pyke (Ref.
2). The soil model fits a hyperbolic expression to the intitial loading
shear stress-strain curve, then uses extended “"Masing" rules to model the
hystresis loops. These rules postulate that the shear modulus on each
loading reversal assumes a value equal to the initial tangent modulus for

17 RPPLIED RE/EARCH ALOCIATE/,INC.




the initial loading curve and that the shape of the unloading or reloading
curves is the same as the initial curve, except that the scale is enlargrd
by some factor.

The model 1is basically a Davidenkov - class model, giving the shear
stress in terms of shear strain:

1
Y- v
c
T=1. Y6 (Y- 1¢ I I (3.8)
ny
y
where n = 1 for initial loading,
Tc + = reloading
and n =1 - T—y - = unloading

The terms of the above equation are defined in figure 3.3.

The volumetric behavior is treated as linearly elastic with

“kk = 3 K vk
although this can be modified so that K is any functional form, e.g.

K =K (ckk)o

3.3.4. AFWL Engineering Model

A non-energy-dependent version of the AFWL engineering model has been
installed into the SEM. The model 1is elastic-ideally plastic with volume
hysteresis. The model is described in terms of a failure surface (in

\/Jz' vs P space) and a hydrostat (in P vs u space).

Pressure - volume behavior is controlled by the hydrostat, which is a
series of linear segments (see figure 3.4b). Upon unloading the model
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Figure 3.3. Hyperbolic shear model.
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Figure 3.4. AFWL engineering model.
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allows irrecoverable volume strain as defined by the difference in the
loading and unloading modulii. Note that the excess compression, u, is used
instead of Eek? the volume strain, to define the volume pressure
relation. As a result, it is not quite correct to call the hydrostat slopes
bulk modulii. Specifically:

K = P (3.9)
€kk
wnere
e, =2V -1 (3.10)
kk '
0
But
p— p v €
u o= 0 _ 0 _ 1. Kk (3.11)
Po v PRR!
Thus
P p
e T (ekk + 1) (3.12)
¥ Sk

and, BKL = K + P

where BKL is the hydrostat stope and K is bulk modulus. The relationship
between BKL and K 1is pressure dependent with the difference becoming
significant only at higher pressures.

The failure surface (see figure 3.4a) consists of a Drucker - Prager
frictional segment in combination with a von Mises cut-off. Below the
failure surface, the material behaves elastically:

duijE <26 eiJ.E +3K ckkE (6) (3.13)
where
K=K (u)
6 = 3/2 (K) (1 - 2")
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At the failure surface, there are two plastic potentials which
» effectively uncouple distortional and volumetric plastic strain (see figure ;
3.4¢c). The volumetric flow rule is associative:

) K, ~-K
de Paap [V 1 (3.14)
kk KK
u 1l
’ and the deviatoric flow rule 1is non-associative, with stress being

vertically corrected back to the failure surface:

de..P = a (S ds..) (3.15)

Lot
[ 1J

_i_\/_j—i'_ (3.16)

3.3.5. Effective Stress Cap Model

where, X

The SEM contains a version of the cap model which is intact from
Baladi's original SANDR code. At present only one modification has been
made to allow for a curved failure surface.

The cap model is an elastic-plastic constitutive model which has lLeen
developed in accordance with the rules of classical plasticity (see, for
example, Hill (Ref. 3)). As a result, its mathematical description is a
little more complicated than that of the AFWL model, which was developed
with calculational results in mind. The cap model was an important
development, because it effectively couples shear and volumetric behavior.

The behavior of the model in the elastic range is governed by the
elastic bulk and shear modulii. The bulk modulus is a function of Jl only:
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K = 1
I_Kl

{1~ Ky exp [ - Ky (J1 -3 Gr)]} (3.17)

where Ki’ Kl and Kz are material constants and Gr is the overburden
stress due to gravity. G, tiie shear modulus, is taken to be a function of
the second invariant of the stress deviator tensor, Jz':

6.
6= ' [1- G, exp (- G, 1/32-)1 (3.18)
]-Gl

where Gi’ G1 and G2 are material constants. The parameters for the
bulk and shear modulii are evaluated by fitting curves to match the
unloading hydrostat opehavior and the unloading stress difference -~ strain
difference triaxial behavior, respectively.

The plastic behavior of the model is described in stress space by two
functions (see figure 3.5a). A modified Drucker-Prager failure surface is
defined by:

f(Jl) = (Cs +C) -C exp (BJl) + a J1 (3.19)

where Cs, C, B and a« are material parameters which can be obtained from
triaxial test data. Cs represents a cohesive strength, a a frictional
strength, B defines a gradual increase in strength, and C a maximum shear
strength., By properly defining the constants, a curved or linear failure

surface may be specified,

An elliptical strain-hardening surface is defined by:

F(dy, &) =1 {{X(x) - L)% - 13, - L(x)1D) 02 (3.20)
1 R 1 .
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1 Total Effective

KK
b) Effective Stress Concept

Figure 3.5. Effective stress cap model.
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where X(«) and L{(k) are as shown in figure 3.5a. R is the ratio of the
major to minor axes of the elliptical yield surface. is the hardening
parameter and controls cap movement:

P
1 ‘kk)
X(k) == In{1- +36 (3.21)
{x [} w r

with D and W material constants. Thus, hardening of the cap is a function
of plastic volumetric strain.

The cap model 1is an "effective” stress model 1in that it has both
drained and undrained responses for the volumetric behavior (figure 3.5b).
The undrained model, obtained from an undrained test, simulates total stress
behavior. The crained model, obtained from a drained set of tests,
simulates effective stress behavior. Since total stress equals effective
stress plus pore pressure, the pore pressure response of the material is
quite readily calculated.

The computation of stress given a strain increment in the cap model
subroutine procedes by first assuming an elastic trial. Checks are then
made to see if any control surfaces have been exceeded. If the failure
surface is exceeded plastic strain is calculated according to an associative
flow rule and the hardening parameter is updated to account for plastic
volumetric strain, Iteration is needed to maintain consistency between
location of the stress point, the cap, and the value of k, the hardening
parameter.

3.4 Test Paths

The SEM model 1is capable of exercising any of the installed
constitutive relations over the following test paths:

i) jsotropic compression/consolidation (undrained/ drained)
ii) uniaxial strain
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f iii) standard triaxial (02 = 03)
l iv) cubical triaxial (strain controlled, i.e. rigid platens)
v) simple shear {strain controlled) !

i vi) arbitrary strain paths

t Several of these paths are shown in figure 3.6 for the triaxial plane.
‘ Note that one can also simulate the results of proportional loading tests,
! i.e. those with arbitrary directions in the triaxial plane,.

3.5 Sample SEM Exercises

f Appendix C illustrates the use of the Soil Element Model with six
examples. The first five examples deal with one material, McCormick Ranch
Sand (Ref. 4), for which several models have been preliminarily fit. The
g models were then subjected to various loading conditions, with the results i
] shown by the figures in the appendix. The last example is of the effective
stress cap model, which has been fit to model a deep-sea sediment (Ref. 1).
Table 3.1 summarizes the paramters which are necessary to describe each of

the moaels.

Further exercises of this type will be done to study material model
responses. The models will be compared with data from both laboratory and

insitu experiments.
3.6 Continuing Work

The SEM will play an important part in the dynamic soil properties
effort which is continuing at ARA. The following enhancements and
modifications constitute the direction of development for the computer code
itself. Other additional areas of improvement may later become evident.

)
‘ i) Model refinement. Enhance the response of the models already
installed in the code., Examples are allowing for non-linear
_ elasticity, isotropic hardening or softening of the elastic
) plastic model, and combining Pyke's shear model with the
volumetric portion of various other models.
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Figure 3.6. Strainpaths for some laboratory test configurations.
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iii)

vi)

Additional Models. Install other constitutive models such as
Lade's model, Duncan and Chang's hyperbolic model, Prevost's
model, endochronic model.

Time Dependence. Introduce rate effects into the SEM by
associating a time increment with each strain increment. Having
accomplished this, such models as viscoelasticity,
viscoplasticity, and rate-type fluid may be studied.

Stress Controlled Driving, This 1is important for simulating
laboratory tests (which are usually stress controlled) and for
reproducing arbitrary stress paths. Rather than mathematically
inverting the models, it is anticipated that stress control will
be accomplished by iterating until the desired stress state is
satisfied for each increment.

Anisotropy. Modify the installed models to allow for anisotropic
material response. Also allow for initial anisotropic (Ko)
consolidation prior to triaxial shearing.

Plot Enhancement. Increase the available catalog of plots as
needed. Additional plots already planned are principle stress
space plots, invariant plots, time domain plots, and model
comparison (overlay) plots.
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4.0 INSITU MATERIAL BEHAVIOR

4.1 Introduction

Any attempt to model insitu soil behavior based on 1laboratory test
results encounters several difficulties. First, there are the problems
involved with obtaining representative samples and minimizing sample
disturbance. Secondly, the loading conditions of conventional 1lab tests
limit the type and number of stress/strain paths to a relatively simple
few. As a result, studying the response of soil under insitu conditions
(either controlled test conditions or actual field conditions) is a
necessity. This section deals with one type of dynamic insitu testing.

4,2 The Cylindrical In-Situ Test

The particular test wnicn will be emphasized here is known as the
Cylindrical In-Situ Test (CIST) (Ref. 5) and was developed by The Air Force
Weapons Laboratory in the early 70's. A CIST involves the detonation of a
PETN explosive 1in a vertical cylindrical borehole and the subsequent
measurement of ground motions in the soil or rock around the cavity (fig.
4.1). CIST provides information on material response in a large strain
regime and under rapid loading conditions. A large data base for many
geologies and materials has been developed since the first CIST in 1971
(table 4.1).

Ideally, a CIST event produces axisymmetric motion about the centerline
of the explosive cavity. In addition, it 1is assumed that simultaneous
loading occurs along the entire cavity. In reality, conditions may be
somewhat different, depending on the particular site conditions and care
with which the test is performed. 1In an actual geology there may occur
lens-1ike deposits, non-horizontal layers, material non-homogeneties, etc,
all undetected by any subsurface investigation. Any of these will tend to
produce non-axisymmetric motions, and this is occasionally observed where
there have been redundant radial measurements.

An attractive feature of CIST geometry is that several soil layers
having different properties can be simultaneously tested in what is

- A ' i1y
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Figure 4.1. CIST cavity with geologic stratification.
(From Ref. 6, p. 10)
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theoratically a "uniaxial®-like stress state at early times. If this i
assumption is true, models may be foriulated by using one-dimensional wave
propagation theory and iteratively matching calculational and experimental
velocity waveforms. Usually, however, the motions are at least
two-dimensional in nature especially at late times (and, unfortunately, {
sometimes three-dimensional). Two-dimensional motion results from waves
eminating from the ends of the cavity and the ground surface (fig. 4.2),
cratering effects, and from the effects of layering. For these reasons, a
two-dimensional axisymmetric simulation tends to produce results nore

closely approximating the experimental results.
' 4.3 CIST Calculations ~ Description
There were several goals in performing these calculations:

a) To bpetter define the ground motion experienced during a CIST
explosion.

D) Study the effects of varying material model parameters on the

calculated ground motion,

c) Arrive at insitu. models by matching calculational and
experimental results.

Two-dimensional CIST simulation 1is basically a dynamic axisymmetric
boundary value problem. Constitutive relationships are chosen and material
interfaces are specified. The calculation may be driven by several means.
A pressure boundary may be specified along the cylindrical cavity which best

represents measured experimental pressure time histories. Unfortunately,
few reliable sets of cavity pressure measurements have been made for a

CIST. (This is primarily because the harsh cavity environment has usually

: destroyed one or more components of the measurement system.) Measured

}} horizontal velocity time histories at the 3 ft. range gages have been used

i to drive some one-dimensional calculations (e.g., Ref. 6). This method

avoids the uncertainty surrounding cavity pressures. The method used in

this study was to model the gases in the cavity using a simple y-Law gas
‘ relation:
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P=(y=~-1) oe

where P = Pressure
p = Density
| e = Energy
y = Coefficient

An initial energy, e is 1introduced at the beginning of the calculation
- sufficient to provide the desired peak pressure. From experience (Ref. 7)
] the best representation of CIST waveforms has been:

Pmax = 40.0 MPa
= 0.00225 g/cc

r Pmixture
Y = 1.25

The decaying pressure in the cavity produces calculated ground motion which
seems to be qualitatively appropriate. i

AFTON, a two-dimensional finite difference code (Ref. 8), was used to
perform the calculations. Actually, a specialized version, known as
CISTAFTON, which was developed at the Air Force Weapons Laboratory circa
1972, was used. AFTON, in addition to being axsymmetric as required by CIST
geometry, has the feature of allowing arbitrary (generalized) grid motion i
(as opposed to strictly Lagrangian or Eulerian). During a CIST event, a
crater develops directly adjacent to the cavity at the ground surface. If
grid motion is restricted to purely Lagrangian, the grid stretches out in a

narrow zone in the cratering region and causes the necessity for a very
small calculational timestep. If done properly, arbitrary grid motion can
circumvent this problem .

The AFWL Engineering Model was used in these calculations, The AFWL
model was developed for this kind of study in an effort to make parameter
variation and selection somewhat simplified. (This is why the hydrostat and
failure surface have been linearized.) The model and its parameters, as
they appear in CISTAFTON, are shown and defined, in fig. 4.3 and Table 4.2,
respectively. (This version of the model varies somewhat from the version
b which appears in the SEM.) Note that the model contains an energy
dependence which is not usually exercised during a CIST calculation.
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Variable Symbol Description Units

RHOZ = pg = initial material density g/cc ]
POISL = v = loading Poisson's ratio —-- 1
POISU = v = unloading Poisson's ratio ——

CLl = C1 = constrained loading velocity fps

CL2 = C2 = constrained loading velocity fps

Cu = Cy = seismic velocity, unloading fps

CZ = (7 = constrained loading velocity, fps

corresponding to initial slope of high
pressure/density portion of hydrostat

(" = Cy = Constrained Velocity, corresponding fps
to tail of unloading hydrostat

Pl =P = hydrostatic pressure at break between psi
initial unloading and C ] portion

P2 = P = hydrostatic pressure at break between psi
CL1 and €2

P3 = P3 = hydrostatic pressure at initiation of psi
higri pressure/density portion

AM3 = u3 = excess compression at P3 -_——

ST1, 2 =T1,T? = tensile strengths of peak and residual psi
failure surfaces, respectively

Y1, v2 =Y1,Y2 =\/J2' - axis intercepts of failure psi
surfaces

s1, S2 =51,52 = slopes of Drucker-Prager portion of -_—
failure surfaces

ViMl, VM2 = peak and residual von Mises limits psi

AMS = ug = material parameter, high energy/ —_——
density (HED)

BKM = KM = material parameter (HED) psi

TILA =A = material parameter (HED) ——

TILB =B = material parameter (HED) ——

TILE = €g = initial internal specific energy ergs/gm x 1012

ES = eg = material parameter, energy ergs/gm x 1012

TABLE 4.2. GUIDE TO CISTAFTON AFWL MATERIAL MODEL INPUT PARAMETERS
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In an effort to evaluate the material sensitivities to the various
model parameters, a few simplifications of the model were used for some of
the calculations. These included purely elastic (with no shear failure) and

, hydrodynamic (elastic, with no shear strength). In addition, various
combinations of elastic-plastic parameters were used,

Thirteen calculations have been performed to date. Emphasis was placed
N on CIST 9 and 10, which are wet clay and sand sites respectively, and CIST
23, a dry sand site. Two calculations were done for *“CIST 00" a
hypothetical CIST site. This generic site is used for studying model and
geometry effects. Table 4.3 summarizes the calculations and should be used

) as a guide for the following discussions,

4.4 CIST Calculations - Results

4.4.1. Cavity Pressure

Figures 4.4 and 4.5 summarize the cavity pressure time histories which
were generated for several of the AFTON calculations. [t is seen that
because the gases vent from the top of the cavity, the pressures decay much
more rapidly in this region than in the middie or bottom regions of the
cavity. Note that the pressure near the top decays to zero within about 6
ms.

At depth, decay of cavity pressure also depends significantly on the
amount of cavity expansion. This is controlled by the amount of material
deformation directly around the cavity., Both the hydrostat and failure
surface influence deformations. By comparing the 8.5 m and 12.2 m depths of
CIST calculations 00.1 and 00.2 (fig. 4.5) one can easily see that a stiff
hydrostat causes the pressure to "hang up” much longer. The effect of Shear
failure can be seen by comparing cavity pressures for calculations 903 and
904. The hydrodynamic case (904) of no shear strength allows more
deformation of the cavity (and therefore lower pressures) than the material
with significant shear strength (903).

In general, a two term exponential of the form:
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Figure 4.4. Cavity pressure time-histories for CIST 9. 1
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Figure 4.5, Cavity pressure time-histories for CIST 10,
CIST 23, and CIST 00.
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~C,(t) ~Ch(t)
P(t) = C; e 2, C; e 4l (4.1)

where Cl’ CZ’ C3 and C4 are constants, determined to fit the
calculated waveform, 1is adequate for mathematically describing these
pressure-time histories. These fits could then be used as approximate
driving pressure boundaries for one-dimensional calculations. The pressures
generated here are also important if one wishes to compare experimental data
with calculated cavity environments in order to check validity.
Unfortunately, this is an area still open to question due to lack of high
conf idence cavity pressure measurements.

4.4.2. Generic CIST

Tne hypothetical site conditions for CIST 00 calculations 00.1 and 00.2
are shown in figure 4.6. The first calculation was for a uniformly elastic
site and the second was for a two-layer elastic site, with soft material
overlaying stiff material.

Figure 4.7 illustrates the basic response differences for the fast and
slow materials. The stiff material transmits the stress pulse at a much
higher frequency and at a somewhat higher Tlevel, but sustains much less

{' material deformation.

g Velocities for the two cases are compared in tigures 4.8 thru 4.11.
The frequency aifference is again readily apparent. Decay of velocity and
stress is compared in figures 4,12 and 4.13. According to Reinhart, (Ref.
9), the theoretical decrease in stress with range for a cavity of infinite

extent would be:

e

s PR Vi ey St

i oy = (a/Y‘)llz Pmax (4.2) |
’% where a = Cavity Radius .
i - Radius J
; Pmax = Peak Cavity Pressure
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Figure 4.8. Velocity time histories for elastic (00.1)
and 2-layer elastic (00.2) calculations at
depth = 0.9 m,
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Figure 4.9. Velocity time histories for elastic (00.1)
and 2-layer elastic (00.2) calculations at
depth =5.2 m.
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Figure 4.10. Velocity time histories for elastic (00.1)
calculation at depth =12.2 m.
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This is also piotted in figure 4.13. The differences observed between
theory and calculation are accounted to the finite length of cavity (two
dimensional effects) in a CIST experiment. This is illustrated by the fact
that the theory agrees best with the calculation of the stresses at the mid
height of the cavity.

The finite two-dimensional nature of the CIST geometry can be
summarized by looking at the stress-strain behavior (fig. 4.14). Note the
vertical strains near the top and bottom of the cavity due to relief
effects. The cylindrical effects are shown in the tangential stress-strain
response. In general, the stress state becomes very complex after passage
of the initial wavefronts.

End effects and layering of materials with different wave propagation
properties will also affect site response. The increased vertical motion
near the interface of calculation 00.2 is an example of this (fig. 4.9).
Velocity vector plots (figs. 4.15 and 4.16) can sometimes illustrate these
effects. In figure 4.15, for example, one can easily see the shear wave
propagating from the bottom of the cavity at later times. In figure 4.16,

one can pick out waves propagating both due to end effects and layering
effects. The shear wave coming off the pottom of the cavity (see 4.2 ms VV
plot) can also be picked of the shear stress/strain plots or the principal
stress/strain angle rotation plot. Anticipated arrival at a 5 ft. radius
from the cavity bottom is calculated as follows:

C.=C 1~ 2y
S 7p T =)
-V
Cs = (1070 m/s) (0.53)
Cg = 567 (m/s) (4.3)

Figure 4.17 points out the passage of this shear wave as seen in the time
» histories.
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Figure 4.17. Shear wave propagation.
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4.4.3 AFWL Model Variation

A series of calculations for CIST 9 was performed in which the material
model type was varied to study the effect on resulting ground motion.
Figure 4,18 gives site geology and layering for these calculations.

Four cases were run. (Case 901 was an elastic calculation, with
wavespeeds determined from CIST 9 arrival times as shown in figure 4.19.
Case 902 used models based on laboratory data, as determined by WES (Ref.
10). Case 903 was elastic, as in 901, but used the lab failure surfaces as
used in 902. Case 904 was elastic with no shear strength and is called the
"hydroaynamic" case. The material models for the four calculations are
shown in figures 4.20 and 4.21.

The results of the model study are summarized in figures 4.22 and
4.23. The elastic case (901) shows a peak velocity with rebound and a
subsequent negative phase of velocity. At the other extreme, the
hydrodynamic material (904) flows outward due to lack of shear strength.
(Figures 4.24 and 4.25 show the resulting large deformations for this case.
Note the significant upward velocity component in the upper soil layers.)
For case 903, the upper layers do not have appreciable strength to behave
significantly different from the hydrodynamic material. At the 5.8 m depth,
however, shear strength is high enough to bring the velocity waveform down
quite a bit, and Timit continuing outwar* flow.

As 1is expected, based on the hydrostats the 1lab models yield
considerably slower propagation velocities for the soil layers. Also
because of the softer nature of the hydrostat, the particle velocities are
much nigher. The material does not have much shear strength and tends to

maintain outward velocity after failure. Notice that at the shallow depth
the lab models are in close agreement with the hydrodynamic model but at the ;
deeper depth they are more like the elastic-plastic models. By comparing ]

results of type with data for the events, general conlcusions can be made
with regard to the controlling portion of the material model.
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Fiqure 4.20. CIST 9 hydrostats.
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Calculations 903 & 904
(Elastic, based on CIST 9 arrivals)
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Figure 4.20 (concluded). CIST 9 hydrostats.
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Figure 4.21. Failure surfaces for CIST 9, calculations 802 and 903.
66




2.1m

901 Elastic

—+—-902 Lab

Horizontal Velocity (m/s)

Figure 4.22.

— ——= 903 Elastic-Plastic
+e+. ... 904 Hydrodynamic

6
Time (ms)

Velocity waveform comparisons at depth = 2.1 m,
CIST 9 calculations.




= L (LS s e Y

TP

Range

10

—
o

o

Horizontal Velocity (m/s)
N

10

Depth = 5.8 m

901 Elastic

—~. —. 902 Lab

——— - 903 Elastic-Plastic
904 Hydrodynamic

.
e P

. SN
3 - " ’\“ / N I\'~4\ﬂ_l
-l'/’-’ "k u\af
| A '\-
AN -
“ ~
Y
'J““"\_'“ I 4
1 1 1 1 e
0 2 6 8 10
Time (ms)

Figure 4.23. Velocity waveform comparisons at depth = 5.8 m,

CIST 9 calculations.

68

e



____m_____ AR AR ___ﬁ__.__ TN

; |1
” _ _ | ~ _ * _ _ 4~ _ | _ A i
= ;,1 i inikaadbnnnniniiinianiunnanitaninuassRnRnntuREknn
i __ _L - it it I e 1 S el o i o 1‘| - - T T. - 1 1
nln.L - - + xTJ,I. f._.l RSy 4! 0 O T N e N 21— -—~1- ﬁ |1 .\“
’/nJ B ( - R e '.ITJJI rf.,l -1~ bt B Ot o o B e o ...r.full re 11— |—4— -~ 1=
-
N I N 5 O S ) Y A Y -~ - —}- fIXfT.tl - - - —
1@- 14. o R o S -1 1- e o e O ) 6 Y T O ,Jﬁ-bu %
O O O O O A O . R O O O A O O N O O U I O O O
saniasinnannl L R R e ._
[ o e el Rl s Rt - —y—i ——t— IT S ad Bl B -t llxllglﬁl fﬁJl-l..:n 14—l B +«
Mi - B A O O o ] “]Tuyu a1 s
1 6 Bt At i e B 1 e O o o
—_— - - —+ 0 ot A B o o o ol o 0l ol ok B O
~— . HHNW_wfiﬁ gt ) ot g 59 o bl o gy - —
= H.H,...TJ| e Rt i S e gt B e e b Y RN m
< —- e o o o it R = o o e e B
o | R A R R 0
S| HEER R e e e e e e E
o ] ﬂunﬂu-mumuuum ot -i=F e e e et o e ]
e R e S et o 1 i e o e >
: 3= =1 == g e o e e e B e e o o o ] P e < -
H o A e o o R0 Sy At Sl jmy = - m
e e o I o e e e g o g e e e e o e S [y g e
i o e ot e R b e g o o B o ; = © o
S e mmnmnux.uw nlmummnHMMMMm.WWmm.nln 6 o e == 2 o
o pigri e G ey Jo K8 O U g il g b = 13 -iL|untll.TI
O - IHJHMW-ul TEEER e o e 0 o o =119 = 5
_ o] W‘wjmm- EEEEES B e SRR eSS REESaEE [
e P o o o = R o e o o
WT o g 0 ] o g o g o = o)
: AT o o g e g e o e oy 4594 a
PRty o = = —f—1 gl gudl bud ¢ it s ol el et g % -5
..nlvhn 2 = ;.JH,W == SR R SRR R o B 3 o e o
= o = g S Y ol 0 g o P o o el S i o 8 o S L Sl - I o o -
= _HMIMI: -llnﬁwuﬁll e EEE RN EERE FIFF ,rlurlnﬁMW 3 S5 3R AW
. I 0 o B o s S S A E S B B SR

= (0, 00

171 ate- Qs s- N]

[}
b

oot yr- oo hi- ootLl-

(ML

s

POl €W 574,00 ALE 0. 1002401 M TET
TIME  0.aAE-[C DU 4 CilLE W47

Figure 4.24.

GO PSS




s
7

!

‘6 1SID dtweulpospAy 4034 sjoysdeus 403d3A AILD0137 "G2°py danbL4
swo'g =1

—
-l
- S N L o..'J:.::.ar:...:::.:oztrt::—:::__a-.:;__:.jul.
B I N O T T O O N T A L LT LY TR 1
L T T T T O N T A N A L L R I LA A Y b
. T Rk T N N R RN N Y S 1 L1212 81}
T Y T T P O N N S R ERR RS SARTR AR TN
G At h et s e A AtIARTALLCA TR LI T L RN LR A Y
Ca a v A a et At TRLALARALIRLLRLLLLLLLLLCATR AL T A LAY
P T R e R PR AL S EEERRR A RN SRAL . |
. B L R v e e P T LR XXV RRRC R SL R LA RN AR ERA —_
F e L ey Y L YL R P RRCR TR TUANNA L RAR AR =
T R L L LEL TR LR A _.Ia.
e e e e e e = = e sssasananastas At RRAIARR ISRV, =

R PR R TP PRSI R RY UL MR NARSOINNY
. % v A a A A A A A AGA AL AL NSRRI ST .I(ﬂ.nd
e m m A A A A m e AR NSRS S AR N —!v\\a.y
Y T N L E POV RPN LR PRV RS RRE XS ] 2 /.nuu..:nrl..u..ﬂnwr
e e e = e maann ;Ié:)?f)lllll}l«&a@ukh.m?uﬂﬂuun\& .
e e e e e e e e e e AR AAN MRS S MR IO TN .
R L R ~rve. 3240
£ ClA
c s T s BIPPPSE S Sl :
co T vy s mEEEm A 5t , Y
- & s e e oamsans A AAR, < = ull_.nuuh.hy(ll,- $
e e e e e e e 2k Poreie ) 5 rh?lll.\
- - @ e e m e mae - AAAPEOE LA DS 1
- - - - - @ - o - e v
rd - - - - e e - - e
. - L d » s = e = am e
¢ e e v o vre——-
v e s v et verr
L i
e o @ = meammme-
¢ e e v e e
L4 - - - > o vm el
4 e e v s e ———
P R
D
¢ 4 e e e
- o v r e e =
L - L " e o o™ W= Am am
- EE Y I A K st adenh il
- rd o e e e e e o
D R o oea e el L LTS P e oRey
* LA Y A 4
MR AR I g R LI T L VAT
AR A R ol ol G P VI LRI T I VAR
. v & v o e o
L
v v v v e
. L 2
I
¢ v ¢ v 4 ¢
A
L
L
¢ : LA R |
. ’ LY T

11-

gk

cote-

"G

([}

1

-1

LAY

(K]}

C e

Swg'z =13

LR R DAL AR

ceseestianwsn

iaesavoaattetcrzerinan bt st ssteddy
wamamns .,::.:::;,Z:::.oo‘.
Vavesaaanansoarbiittec s VIV g4
rasusencannanaattLLCLLNATALRRATANNAINLELYY

cebnireemacanatas s tITILAARALL ALLLALAL Y A Y

o 2t

P RS SR RRRNRNRN AL LA b
P Y Y VY NN TNNRANE §
«esmanannannanasatiinnaRAL LY, MV X

<

£

e rnae et st AR AR e SAR R AR £
- .~

N AR AR A R A AT SRR S AR 2T T

. AR AR AR AAAA NSRS IR P NN

PSS PN A
.. R P S I
- < «..,?V\.
. o n e ket et s S PR AP VTN
LA 3N

- > 24% M

AR

<
A AL AR AR AR AR AT ARG jaf’/

lllfl.t""'--f-.a-ﬂ.-n-
pgreiriar

-o:u:::-::..—of b
B R LT T T Y T PO RN T Y T} .J W

doqriny

o DTN eT

re

vt s,

v -

OO ELPO R P A e

—
—_
-=
=

]

@D

o

o

70




4.4.4. CIST 10 and CIST 23

CIST 10 was conducted in the saturated coral sands at the Eniwetok
Proving Ground. The variation of materials with depth was relatively minor
and the water table at the time of the experiment was at the ground
surface. The ground motion data also showed little variation with depth and
quite simple wave forms at all Tlocations. The particle velocity rose
rapidly to a peak value and after a slight recovery began to indicate
essentially constant horizontal velocity continuing for significant times.
Close to the CIST cavity this velocity increased slightly with time and at
the more distant ranges was cnastant at approximately the peak value reached
during the initial rise. This 1indicates that the material reached the
failure surface during the initial loading and then began to flow outward
much like a heavy fluid. The material model parameters discussed in the
previous section indicates that this behavior could be reproduced with a
very simple model. In fact the hydrodynamic model yielded wave forms quite
similar to those observed in CIST 10. The model used to fit these data
involved a bilinear loading hydrostat with a small amount of air and a
von-Mises type failure surface with a Tow value of shear strength. Because
the material was essentially saturated, a Poisson's ratio of 0.49 was used.
This allowed the material to load up below the failure surface but fail
almost immediately upon unloading. Figure 4.26 shows representative data
and the calculated waveforms for the 3.7 m depth. The compariscn here is
good, indicating that a quite simple model is quite adequate for
representing the behavior of the saturated sand. Initially, the fit of the
material parameters necessary to represent this data was obtained almost
completely by examination and knowledge of the laboratory testing results.
Only a couple of iterations were necessary to produce the agreement
indicated on figure 4.26. The material model used for this calculation is
shown in figure 4.27. C(learly, for this saturated sand, a very simple
material model is quite adequate.

This behavior is contrasted to that of a dry sand (CIST 23) and a clay
shale (CIST 9) in figure 4.28. The most obvious differences between the wet
and dry sand are the initial arrival time and the rise time to peak
velocity. The early time comparisons between the clay shale and the
saturated sand indicate very similar performance, however, at late time the
essentially strengthless wet sand continues to flow outward whereas the clay
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Figure 4.26 CIST 10 velocity waveform comparisons, depth = 3.7 m.
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shale tends to recover and exhibits negative velocities during the times of
comparison., This figure illustrates the large differences in response
exhibited by the different materials for the same basic loading condition.
This suggests tnat not only will the parameters in a model be quite
different for the different materials but that different response mechanisms ?
may be governing the behavior of the material. If this is true, then these
experiments should provide a test for the generality of the basic model
formulation.

The CIST 23 data shown on figure 4.28 1is repeated in figure 4.29 and
cumpared to the calculated behavior. The AFWL Engineering Model used here
was developed based on laboratory data, and then improved by iterating the
solution to obtain a better match to the experimental data. Notice that
neither of the calculations match the exact qualitative features of the

experimental data at all ranges. In general, hawever,the model developed by
iteration is a reasonable fit. Comparisons of this kind indicate that for
dry sand materials a somewhat more complex model may be required in order to
reproduce both the qualitative and quantitative features of experimental
data. A similar comparison for CIST 23 from the 12.8 m depth is shown in
figure 4.30. In this case both the laboratory derived model and the model
developed by iteration are in quite good agreement with the qualitative
features of the experimental data and reproduced the magnitudes quite well.
The model developed by iteration, however, seems to reproduce the detailed
features of the waveform better than the model based on laboratory data.

4.5 Discussion of Results

The CIS: calculations have helped to better isolate the behavior of
soils under insitu conditions. By comparing various geologies under similar
loading conditions, fundamental differences 1in material behavior may be
studied. In addition, the basic wave types produced in a CIST test can be
better quantified by calculations of this type.

The comparisons presented in the previous sections have illustrated
that the cylindrical insitu test also provides a reasonable method to
evaluate various material models and to check their generality against a
reasonably simple insitu experiment of a complex dynamic nature. The
ability of a material model to reproduce the qualitative nature of wave
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forms generated in the CIST experiments provide a first order screening
process for models which have previously demonstrated a capability to
reproduce laboratory data.

It is clear that two-dimensional CIST calculational studies contribute
to a better understanding of the effect of material properties on observed
material response and should be pursued. A number of problems with the
AFTON code can be circumvented by using either the recent update of AFTON
(CRALE, California Research Arbitrary Lagrangian - Eulerian) or STEALTH a
newer code which we are currently using on other calculational programs.

Aaditional calculations will also study the effects of model variations and

will further examine basic material response differences. In this way, CIST
remains & valuable tool in studying insitu soil behavior.
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5.0 SPECIAL PROBLEMS IN MODELING SOIL BEHAVIOR
5.1 Snear Behavior

The study of the calculations as presented in the previous sections has
indicated tnat, while the CIST provides a good method for studying the
behavior of materials and the effect of various material models on that
vehavior, the technique is not ideally suited for identifying propagating
shear waves upon which to base estimates of the material shear modulus. The
primary shear waves in a CIST experiment are generated at the top and bottom
of tne cavity and propagate toward the center. This geometry (especially in
layered sites) then does not lend itself particularly well to fundamental
study of the shear behavior of the materials. Comparisons of a number of
calculations of explosive events with experimental data indicate, on the
other hand, that the shear behavior of the materials plays a significant
role in the response of materials to explosive loadings. In addition, the
importance of shear waves in earthquake problems has long been recognized
and has precipitated many laboratory studies of the response of soils to
shear loadings.

These laboratory investigations have demonstrated, conclusively, that
the shear modulus of soils depends strongly on the shear strain to which the
soil is subjected; the shear modulus decreases significantly as the maximum
shear strain increases. Therefore, viable insitu testing techniques must be
capable of attaining 1large shear strains. These laboratory studies
certainly suggest the importance of the shear modulus in the material
response. The actual determination of shear properties in the laboratory
presents significant problems associated with sample disturbance and removal
of insitu stresses in addition to those associated with the boundary
conditions imposed by the laboratory test devices. In a state-of-the-art
address to the ASCE conference on "InSitu Measurement in Soil Properties"
Wroth (Ref. 11) stated,

"The main reason for the need for insitu measurement of the
parameters of deformation is that as our knowledge of the
behavior of real soil expands, so does our appreciation grow for

) the inadequacy of conventional laboratory testing. The marked
consequence of the inevitable disturbance that is caused in any
soil specimen, however carefully it 1is sampled, are all to
evident,”
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Insitu measurement of the fundamental properties necessary for ground
response analysis, therefore, nhas become an area of major concern.

Two recent papers have presented an excellent review of the
state-of-the-art in the in-situ material property determination. The first
of these by Anderson and Espana of Fugro, Inc. (Ref. 12) was sponsored by
the Electrical Power Research Institute and focuses on the entire spectrum
of insitu testing techniques from the earthquake engineering perspective.
Therefore, this review emphasized the measurement of shear modulus. The
autnors of this paper divide the test techniques into what they call wave
propagation methods, dynamic system response methods, and direct/load
strength metnods. For each of these methods the basic concept is discussed,
the methods of data analysis are presented and the operational systems are
described. A number of proposed test techniques are also presented even
though they have not yet been reduced to practice. In summarizing their
findings, Anderson and Espana stated,

"A comparison of the three general classes of test methods, (wave
propagation, dynamic-system response and direct/load strength)
determined that no single existing test method or concept for a
new test metnod satisfies all the reguirements for a high-strain
amplitude, dynamic in-situ property determination."

They went on to state, in conclusion, that although a number of techniques
were presently available for making dynamic insitu soil property
measurements that new insitu testing methods are required to extend the
present capability and to varify the significance of various earthquake
loading and related parameters presently thought to be of importance.

The second report, by Lodde (Ref. 13), was prepared for the AFWL and
focused on only those techniques for evaluating insitu, high amplitude,
shear behavior. This report was concerned with the properties required for
nuclear weapons effects calculations. It concluded that since the shear
stresses which could be propagated were limited by the shear strength of the
material, the techniques used in earthquake studies were equally applicable
to the weapon effect problem. Therefore, after a review of the existing
laboratory shear tests, this report reviewed the same existing insitu test
techniques covered by Anderson and Espana. Lodde also concluded that none
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of the currently existing testing procedures are completely adequate for the
problem at hand. As a result, the current state-of-the-art still involves a
combination of insitu and laboratory testing. In all propability, such a
condition will obtain for a considerable time in the future. However, the

corrections currently used for the high strain portion of the laporatory
data to account for insitu properties certainly requires evaluation.

Both of these studies suggest that the best currently available single
test is the insitu Impulse Test developed by Shannon and Wilson, and
Agbabian Associates for the Nuclear Regulatory Commission. This technique
is described by Miller, et. al. in Reference 14. It is similar in nature to
the cross-hole seismic test but involves a larger magnitude shear input.
This input is generated in an anchor hole approximately 10 inches in
diameter by impacting an anchor seated against the walls of the bore hole.
This impact produces a vertically polarized shear wave which propagates

radially and is detected at various ranges by sensors located in additional,
smaller diameter bore holes. By comparing the waveforms as a function of
radius from the center of the loading, the characteristic shear wave can be
identified and its velocity of propagation determined. The corresponding
shear strains are estimated using elastic theory. The primary disadvantage
of this technique, at the current time, is tnat the 1largest amplitude
strains are generated 1in tne immediate vicinity of the 10 inch diameter
anchor hole. This zone has been significantly disturbed and the geostatic
stresses have been altered by the drilling of the anchor hole. Therefore,
the large amplitude strains do not occur in an undisturbed material.

The major disadvantage of current techniques which attempt to generate
high amplitude shear strains are that the largest strains are generated in a
material distrubed by the drilling of a fairly large diameter bore hole for
placement of the shear generation device. The CIST also would suffer from
this limitation even if it were modified to generate a laryer shear wave by
propagating the detonations from the top to the bottom of the explosive
hole.

A possible solution to this is to use an explosive charge configuration
involving three charges near the ground surface. The detonation sequence
and timing of the charges can be selected so that the explosive energy is
directed into a skewed region, thereby creating an asymmetry in the
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airblast. Asymmetries tend to generate large shear waves. A schematic plan
and profile of this configuration is shown in Figure 5.1. The yields of the
three explosive sources could be similar to those used in conventional
refraction surveys but could be varied depending upon the depth of
penetration desired and the nature of the materials involved. The relative
location of the charges could be varied such that the pressure when the
blast wave from the simultaneous detonation of charges 1 and la impinges
upon charge 2, it woula be approximately equal to the shear resistance
(strength) of the soil. Charge 2 would be detonated just as the blast wave
from charges 1 and la reaches it. The confinement of the charge 2 effects
by the airblast from charges 1 and la would direct the energy into a limited

region. This will create an asymmetry which will generate the large
amplitude shear waves which will be measured by instruments located in bore
holes at various ranges and depths. The depths and ranges of measurement
would depend upon the layering of the site and the levels to which the shear
wave measurements were desired.

Since no large diameter bore nole is required, and no large piece of
equipment must be transported from site to site, this technigue should be
more economical than any of the existing large amplitude techniques.

tilizing this explosive technique, shear modulus data should be obtainable
for strains up to those corresponding to the shear failure limits of the
materials. The more distant measurements, on the other hand, would provide
information at the lower strain levels so that a comparison with existing
tow strain amplitude in-situ techniques would be possible. [In addition, a
much larger volume of material would be tested than in the technigues
utilizing a bore hole device for generation of the shear impulse. For this
technique the cost would be directly proportional to the number of
measurement locations. Therefore, would vary with the type of application.

The snear modulus plays an important role in the response of soils to
dynamic, complex loadings. Since current insitu test techniques are not
capable of generating the large shear strains required for constitutive
modeling, the technique discussed provides a possible significant
enhancement in insitu testing capability.

82 RPPLIED RE/ERRCH R/OCIATE/,INC.




e e e -

*403249U99 3ARM JedyS dALsoldxy -G aanbiy

‘suct3tpuo) buipeoq Adepunog (eituy  <(q

suotjeda aAeM-g
pUETTENGE u —_—— —
i - =7 aaeM-¢ ~
~~
x
P
- \
i 7\, LAY

{492)d

*2 abJey) 40 UOLIRUOIDQ BYI JO BWL) Y} 40 yi § | s3buey) woad

SaAeM 15218 2yl 40 uor3ed’o] ayl Huimoy§ uotjeanbijuod abaey) §O dt3ewsyds (e
A
: - abaeyy
//A\7A\N - _ . . (2)d
abueyy (3)d
]
vi j@bary) | |abaeys
AT
(1)d sab.aeyn S
3714044 NYd




T T ey m—————n.

5.2 Effective Stress Modeling

5.2.1 Introduction

Natural soils are three phase media consisting of solid grains, water
and air. Most constitutive modeling has treated soil as an equivalent
single continuum material. [t is natural to ask if improved soil material
modeling requires a more detailed and specific treatment of the individual
components of the soil, and the interaction between these components. The
main concern is over the effect of pore fluid, especially the water
component, on the behavior of the soil. There are three main areas of
concern:

Effective stress and soil strength
Pore pressure increase and potential iiquefaction
Lubrication effects on stiffness and strength of the soil.

The following paragraphs discuss some of the main points associated
with effective stress and Tliquefaction, and present some preliminary
conclusions with regard to future work that must be performed in order to
include these effects in material models. Lubrication effects are not
discussed because there is very Tlittle information available on this
subject. It is believed, however, that some relatively simple experiments
(dry soil versus wetted soil) would yield insight into the area. Comnents
are also presented on the computer requirements, in terms of memory and
computing time, that might be introduced by a fuller treatment of the
jndividual components of the soil media.

5.2.2 Strength and Effective Stress

Of tne tnree components of natural soil, only the soil grain matrix has
strength. For all practical purposes, the water and air phases can only
carry hydrostatic loads. The soil grain matrix achieves its strength from
friction and/or intramolecular forces developed between the particles. Ory
and fully drained tests on natural soils show a dependence of strength on
) tne normal stress applied to the samplie. When a soil containing pore fluid
is loaded, part of the load is carried in the grain matrix and part of the

load Js carried in the air-water phase, depending on the relative
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compressibility of the individual components and on the ability of the pore
fluid o flow. If fully saturated, the majority of the load is carried in
the water phase. If Tless than fully saturated, tnen most of the load is
carried in tne grain matrix. Since only the grain matrix has :trength and
since tnat strength is dependent upon the normal load applied to the grain
matrix, it 1is apparent that only the normal stress carried through the
intergranular contacts influences the strength of the natural soil. This is
known as the effective stress principal and was established by Terzagi (Ref.
15) over 40 years ago. The effective stress is expressed quite simply by
the equation

al
"
Q

t
=

where ¢ is the total stress acting aon a given pla.e, u is the pore pressure
in the pore fluid, and @ is the effective stress which is carried in the
grain matrix.

Most modeling for dynamic purposes (blast and earthquake) has not
treated tne details of effective stress. This is because it has normally
been assumea that the dynamic phenomena of interest occurs so fast that the
material can be considered to pe undrained during the dynamic process. As a
result, flow does not occur and, therefore, the effective stress in the soil
does not change. In turn, the strength does not change during the dynanic
process. Hence, total stress models have been the rule.

In recent years, however, there nas been increasing concern that
effective stress should be treated in more detail. A significant model
¢eveluped witnin the blast and shock community is that of Baladi (Ref. 16
and Appendix A.l.2c). Baladi developed an effective stress model for ground
shock computations by considering two models for the material. One was a
total stress model derived from undrained tests on the soil material. The
second was an effective stress model derived from fully drained tests on the

same material. It was assumed that lubrication effects on the stiffness and
strength of tne material was not important. In Baladi's model, computations
of total and effective stress variables are made using the total stress
moagel and also using the effective stress model. Using assumptions of
volumetric strain compatibility and effective and total deviatoric stress
compatibility, the results of the computations from the two models are used
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to determine the pore pressure. This pore pressure as a function of time is
produced as part of the output of the ground motion calculation.

A detailed review of Baladi's model indicates that it really does not
provide much more additional useful information beyond that available from a
standard total stress model. This is because the ground motions computed by
his method would be exactly the same as those computed with a total stress
model alone (Baladi has not made such a comparison). Also, the loads or
stresses produced on a structure embedded in the soil would be exactly the
same since those loads are total stress loads rather than effective stress
loads.

The usefulness of Baladi's model is limited primarily by the fact that
it uvoes not i.clude fluid flow effects, which are potentially important even
for general ground motion pnenomena. Baladi's model does not include any
flow because of the assumption that the phenomena of interest occurs so fast
that flow is not important during the time of interest. As stated earlier,
this has becen a standard assumption throughout the blast and shock community
over the past twenty or so years. However, there is another view that has
never peen studied in detail regarding the importance of flow., Ishihara
(Ref. 17), in-an analysis similar to that of Biot, derived equations of
motion for the solid and fluid phases of a soil by representing the soil as
an elastic porous matrix saturated with water. His main purpose was to
derive results which could be interpreted in terms of standard soil
mechanics concepts and tests. Two kinds of compression waves, the same as
those found by Biot, were derived in a revised form. Evaluation of the
deformation modulus in the frequency equation, with reference to specific
soil test conditions, indicated that the first kind of wave travels through
the solid-water phase system causing only compression of the solids and
fluid but without any change in the pore volume due to flow. The second
kind of wave can progress only when pore volume change takes place due to
flow, and is associated with consolidation. The most interesting finding
from Ishihara's work was that flow appears to be more important for what is
normally considered to be high frequency, undrained loadings.

Ishihara states the usual assumptions and his findings very clearly:
“In view of the usual hypothesis, it is expected that the wave that is
encountered at higher frequency would be the one that does not permit the
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drainage to take place, because the fluctuations in the pore pressure due to
strain occurs so rapidly tnat tnere is little time for the water to flow
from regions with higher pore pressure to those of lower pore pressure. On
the contrary, the wave at lower frequency is expected to produce a condition
where the pore water is allowed to move through the soil skeleton, because
there may be sufficient time available for an equilibrium to be established
for the fluctuation of the pore pressure. However, the above expectation is
in complete contrast with what was found above. Nevertheless, the situation
can also be considered from another point of view. It can be anticipated
that at higher freguency the wavelength is short, so that, although there 1is
Tittle time for water to move, the distance that the pore water must travel
is short. On the contrary, at lower frequency, although there 1is enough
time for the water to flow, it has to traverse over a great distance because
the wavelength is now large. According to this viewpoint, the stress
condition that is encountered with a wave of lower frequency is an undrained
condition, and the stress condition that is realized with a wave of higher
frequency is a drained condition.”

Ishihara's observations from his theoretical work are in marked
contrast to the standard assumption based upon intuition which has been
employed in dealing with dynamic problems assuming total stress models,
Ishihara analyzed the one dimensional consolidation problem wunder a
sinusoidally varying force to demonstrate his concept. The well known
consolidation dimensionless time constant T, (Ref. 15), which determines
the time it takes to reach pore pressure equilibrium, 1is inversely
proportional to the square of the distance and directly proportional to
time. Hence, the distance seems to be more of a controlling factor for pore
pressure equilibrium or water flow than time, supporting Ishihara's
hypothesis. Although Ishihara's work was published in 1967 it has not been
widely evaluated in the blast and shock community. Hence, it is a major
conclusion of the authors here that his work be given a thorough evaluation
in next years effort using available data and calculations.

5.2.3 Grain Matrix Degradation (Liquefaction)
The other major phenomena which is dependent upon pore fluid behavior
and effective stress is that of liquefaction. Figure 5.2 shows some results

from a computation given in reference 16. The calculation was for a
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radially expanding airblast on a homogeneous halfspace of saturated sand.

The figure shows the total and effective stress paths at three different
depths at a range of 15.6 m from the origin. One of the most interesting
points on these stress paths is that the effective stress at depths of 1.6
and 3.6 m become negative during unloading. This means, in a physical
sense, that the grain matrix has been or 1is about to be broken down or
degraded. Indeed, this is the onset of liquefaction under compressive
loading and unloading. Baladi does not comment on this behavior at all in
his report. However, it is here that one of the most interesting parts of
the effective stress problem begins to occur, i.e., liquefaction.

In order to deal with liquefaction and post-liquefaction stability of
soil, a model must be able to handle three complex problems:

Air-water compressibility
® Pore pressure changes
® Fluid flow

Air-water compressibility is a major consideration because many soils,
especially in regions near sea coasts, rivers, waterways or where water
table fluctuations occur, are not in a state of 100 percent saturation.
Minute amounts of air, which generally are impossible to measure by standard
soil mechanics tests, can markedly affect the compressiblity of the
air-water phase. As soon as the compressibility of the air-water phase
becomes large compared with the compressibility of the soil grain matrix,
even if the material is 98 percent saturated and above, the material behaves
essentially as a soil grain matrix only. However, depending upon the
magnitude of the load, the air contained in the air-water phase can be
driven into solution and the material can become 100 percent saturated.

Tne phenomena by which these changes occur is extremely complex
involving the behavior of free air bubbles, bubbles adhered to soil grains,
surface tension, the solubility of air in water and a number of other
factors including the dynamic behavior of these parameters. Air-water phase
compressinility on a simplistic scale has been treated by Wood (Ref. 18)
and, in Russia, by Lyakhov (Ref. 19). A recent investigation in the
Netherlands by Barends (Ref. 20) provides a much more sophisticated
treatment of all of the factors involved in air-water compressibility
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including most of the factors mentioned above but not on a aynamic basis.
Barends work indicates tnat the air-water phase compressibility does not
vary continuously but, rather, that distinct pressures exist beyond which
the free air becomes dissolved quite suddenly. Bubble collapse causes an
unstable increase in compressibility. The main point here is not to confuse
the issue but to make clear that air-water compressibility in and of itself
is a major problem in the development of muiti-phase models.

To illustrate the effect of small amounts of water upon the
compressibility of the air-water phase, the pressure volume relationships
for air-water mixtures at various degrees of saturation using the simpler
model of the Russians (Ref. 19) have been calculated. The results are shown
in Figure 5.3. The results indicate that degrees of saturation less than
99.99 percent yield a relatively large range of pressures ove:r which the
air-water phase shows very high compressibility. Indeed, for degrees of
saturation oelow about 95 percent, the material can be considered
essentially void of water except for any lubrication effects that might
occur.,

The second major concern in the analysis and prediction of
liquefaction 1is the development of a model which will predict the pore
pressure changes. These changes, of course, are due to changes in the pore
volume. There are several models developed within the earthquake community
which deal with pore pressure changes under multiple cycles of triaxial
compression or simple shear. These models are generally restricted to these
limited stress paths. Because of the simple assumptions in the models
developed in the earthquake engineering community, they cannot be used for
more general stress paths, particularly those related to blast and shock
problems where compression is important. On the other hand, there are
models which can deal with liquefaction under the influence of compressive
loads. These models, however, cannot predict earthquake-type behavior
because they generally lack coupling between deviatoric and volumetric
strain,

The earliest work that has come to our attention which deals with

compression (or blast)-induced liquefaction 1is that performed by the
Russians (e.g. Refs. 19 and 21). This work was done in the 1950's and
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1960's. More recent work has been done in Europe (e.g. Ref. 22), but the
European models are very much like tne Russian models.

To illustrate what might occur after the effective stresses go
negative in Baladi's problem (fig. 5.2), consider the following simple
illustration based upon the Russian models. Available information on
explosion~-induced liquefaction reveals that the pore pressure behavior is
dependent upon the same parameters which are important for earthquake
phenomena, i.e., air content, relative density, and all the other parameters
which influence the grain skeleton compressibility (grain size, soil
structure, grain roughness, cementation, etc.). The liquefaction mechanism
currently accepted by the Europeans (e.g. Ref. 22) and proposed by the
Russians in the 1960's (Ref. 21) is based upon irrecoverable strain in the
soil skeleton upon unloading from some previous volumetric strain. If the
fluid cannot flow during this period, residual pore pressures develop.

The basic mechanics for a simple model for composite fluid-skeieton
behavior in uniaxial strain is given in Figure 5.4. On loading, both the
fluid and the skeleton carry stress. The total stress is given by

o =0 () *p(3)

where o = total stress
T = stress in the skeleton (intergranular stress)
p = pore pressure

The strain in the soil skeleton is the total strain , while the strain in
the pore fluid phase is given by e¢/n where n is the porosity. Because the
fluid is wusually much stiffer than the skeleton, most of the stress on
loading is carried in the fiuid. Upon unloading, the skeleton exhibits
irreversible compaction so that the skeleton stress (effective stress)
reaches zero while there is still pore pressure in the fluid. It is at this
point that the soil matrix tends to break down or liquefy.

An example of the load-unload behavior for a soil which is 99 percent
saturated and which has skeleton compressibility similar to that of
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McC rmick Ranch sand is given in Figure 5.5. The composite fluid-skeleton
is loadea to a peak total stress above 28 MPa, Upon wunloading, the
skeleton, because of residual strain, reaches zero intergranular stress
while tne fluid phase still carries over 13 MPa. At this stage, the soil i
skeleton breaks down and further unloading occurs in a heavy fluid composed
of grains and water. In a fully saturated soil, liquefaction would occur at

lower stress levels. The example serves to illustrate both the mechanism of
liquefaction and the importance of the air-water phase compressibility.

It is the relative compressibility between the soil skeleton and the
air-water phase which controls whether Tliquefaction occurs and the stress
levels needed to cause it. The relative compressibility can be affected by |
the skeleton stiffness on the one hand or the air-water phase
compressibility on the other. MWhenever the relative compressibility is such ;
that the skeleton remains elastic (i.e., rebounds fully on unloading) or is
stiffer than the air-water phase, liquefaction will not occur.

Tne simple model for liquefaction in a load/unload cycle of uniaxial |

strain will not predict liquefaction under shear conditions, just as simple
shear models will not predict liquefaction in the uniaxial case Jjust
described. In order to provide a good prediction of pore pressure buildup
and tne potential for liquefaction under general stress paths, it is
necessary to have a model for the grain matrix which includes a good model
of deviatoric (shear) strain-volumetric strain interaction encompassing the
entire range of potential stress paths which can be encountered in dynamic
problems. None of the models in use in the blast and shock community today
include deviatoric-volumetric strain interaction. The cap model, for
example supresses volume change at the intersection of the cap and the
standard yield surface. Models commonly need for earthquake related
prablems do not include this general capapility either. C(Critical state
models, although not generally in use for dynamic problems, to account for
volune decrease or increase which is known to physically occur.

5.2.4 Conclusions and Recommendations
The key points that must be considered for effective stress modeling

are, first, the importance of flow during the time of interest and its
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influence on effective stresses, and second, the ability of the grain matrix
model to deal with deviatoric-volumetric strain coupling.

If flow occurs and causes a reduction in pore pressure during the time
of interest, then those properties of the material which are dependent upon
integranular or effective stress, especially strength, will change. In
addition, the potential for Tliquefaction will also be affected. As
discussed previously, Ishihara's work suggests that, even in dynamic
problems associated with blast and shock, flow and resulting pore pressure
changes may well be important. In fact, Ishihara also points out that for
earthquake-related problems where frequencies are lower flow may not be
important. It is essential that this position be evaluated.

The second major point bears on the ability of our models to deal with
liquefaction phenomena. In order to do so, it is necessary to have a good
model for the grain matrix which includes deviatoric-volumetric strain
coupling over the entire credible set of stress and strain paths ranging
from simple shear tnrough hydrostatic compression in multiple loading
cycles., [In addition, it is necessary for a good air-water phase model to
account for the effect of air-water phase compressibility on liquefaction.
Finally, it 1is essential to have flow in the model to account for pore
pressure changes which might affect intergranular stresses, ac well as any
pore pressure changes that would occur over a longer period of time after
liquefaction has occured. This is necessary in order to predict ground
motions as well as analyze instability of large bodies of soil due to
liquefaction.

Regarding ground motion prediction, Figure 5.2 from Baladi indicated
that the intergranular stress on unloading went to zero while there was
stil) pore pressure in the fluid. At this point it is expected, physically,
that the grain matrix will break down and the resulting mixture will be a
heavy fluid consisting of grains and water. In a ground motion problem,
whether it be blast and shock or earthquake-related, there may still be
important waves propagating through the media. These waves will be
propagating through a heavy fluid and not through a solid, as we normally
assume. Hence, even for this part of the wave propagation problem, it is
necessary to have a good model which considers flow and as appropriate, will
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degenerate to a heavy fluid under proper physical conditions. One model
tnat we are aware of whicn contains flow is due to Hart (Ref. 23).

Hart's model couples thermal, mechanical and fluid flow behavior. His
treatment of flow appears to be reasonable. The model, however, does not
include a modern representation for the grain matrix. He simply uses an
elastic-perfectly plastic model. In order to make it applicable to most of
the problems of interest in soils, the grain matrix model must be updated to
include nonlinearity before failure, as well as an improved model of
deviatoric-volumetric strain coupling., In addition, Hart's model must be
updated to include a better air-water phase component model.

In summary, there is evidence to suggest that it is important to model
effective stress in ground motion problems. This modeling must encompass
more than just the modeling of effective stress. It is also necessary to
model flow. The model must recognize the transition from a relatively solid
tri-component medium to a heavy fluid when liquefaction occurs, subsequently
track waves which propagate through this heavy fluid, and finally, track
long term recovery to a stable state. There are bits and pieces available
for such a model in various places. All of the bits and pieces however,
have shortcomings. A program to overcome these shortcomings will be
developed in the next phase of this project.

The 1limited experience that 1is available on the use of effective
stress models in computations comes from Baladi's work and from some work
performed at ARA using Hart's model. This work indicates that there are not
major computer requirements associated with the incorporation of effective
stress information or flow. Core requirements might increase by 10 to 15
percent in order to accommodate additional equation of state variables, as
well as a few additional response variables. Computation time might
increase on the order of 20 to 25 percent. It is believed that these
additional requirements are relatively minor when compared with the improved
predictions and analysis which would be available from the use of effective
stress models.
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6.0  SUMMARY

This report briefly describes the status of our research into the
dynamic behavior of soils. Witn tne initial year's effort at a close, we
are continuing as outlined in the proposal for continued stuay.

The soil element model has been developed and will serve as a basic
tool for studying the merits and applicability of various constitutive
laws. This computer program will continue to improve as additional features

are added.

Several two-dimensional calculations have been performed in order to
better understand insitu soil behavior. The effect of varying material
models was investigated as well as establishing some "best-fit" models, and

this effort will be continued.

98 APPLIED REVEARCH RZOCIATE/,INC.




REFERENCES

1. Baladi, G.Y. and S. A. Akers, Constitutive Properties and Material
Model Oevelopment for Marine Sediments in Support of The Subseabed
Disposal Program, Sponsored by Sandia National Laboratories, Conducted
by U.S. Army Engineer Waterways Experiment Station, Structures
Laboratory, Vicksburg, Mississippi, March 1981.

2. Pyke, Robert, "Nonlinear Soil Models for Irregular Cyclic Loadings",
Journal of the Geotechnical Engineering Division, ASCE, Vol. 105, No.
aTb, June 1979.

3. Hill, R., The Mathematical Theory of Plasticity, Oxford University
Press, New York, 1950, Reprinted I9o4.

4. Kelly, M. and Baird, G. T., LSOT Geotechnical Data Report, Eric H. Wang
Civil Engineering Research Facility, University of New Mexico, In-House
Report preparea for Air Force Weapons Laboratory, Kirtland Air Force
Base, June 1978.

5. Bratton, J. L. and Higgins C. J., "“Measuring Dynamic In-Situ
Geotechnical Properties", Proceedings of the ASCE Geotechnical
Engineering Division, Specialty Conference on Earthquake Engineering
and Soil Dynamics, held in Pasadena, California, Vol. I, June 1978.

6. Shinn, J. D., II and Brown, R, Cylindrical In-Situ Test at Dry Lake
Valley, Nevada (CIST 23), AFWL-TR, Air Force Weapons Laboratory,
Kirtland Air Force Base, July 1981.

7. Tnomas, J. W., "On CIST Cavity Pressures", Memo, Technology and
Applications Branch Civil Engineering Research Division, Air Force
Weapons Laboratory, Kirtland Air Force Base, February 1980.

8. Applied Theory, Inc., The AFTON 2A Computer Code Revised User's Manual
Part 1. Theory and Explanations, AFWL-TR-75-IT1, Part I, Air Force
Weapons Laboratory, Kirtiand Air Force Base, June 1976.

9. Rinehart, J. S., Stress Transients In Solids, Hyperdynamics, Santa Fe,
New Mexica, 1975.

10. Zelasko, J. S., "Son of MIDDLE-GUST", presentation in Late-Time Working
Group Session, U.S. Army Waterways Experiment Station.

11. Wroth, C. P., "In-Situ Measurement of Initial Stresses and Deformation
i Cnaracteristics", Proceedings of the Conference on In-Situ Measurements
; of Soil Properties, Vol. II, American Society of Civil Engineering, NY,
) NY, June I975.

12. Anderson, D. G. and Espana, C., Evaluation of In-Situ Testing Methods
for High Amplitude, Dynamic Property Determination, NP-920, Electrical
Power Research Institute, Palo Alto, CA, November 1978. r

13. Lodde, P.E., Review of Wave Propagation Techniques for Determining the
In-Situ High-Amplitude Shear Behavior of Geologic Materials,
AFWL-TR-/9-152, Air Force Weapons Tlaboratory, KirtTand AFB, NM,
September 1980.

el

99 APPLIED RE/EARCH RIFOCIATE/,INC. K




REFERENCES (Concluded)

14. Miller, R, P. and Brown, F. R., "Shear Modulus Determination of Soils
by In Situ Methods for Earthquake Engineering", Proceedings of the
International Conference on Microzonation for Safer Construction,
Research and Application, Vol. 2, pp. 545-558, Seattle, Washington,
1972,

15. Terzaghi, K., Theoretical Soil Mecnanics, Wiley, New York, 1943.

16. d8aladi, G. Y., An Effective Stress Model for Ground Motion
Calculations, Technical Report SL-73-7, U.S. Army Engineer Waterways
Experiment Station, Vicksburg, MS, September 1979.

17. Ishihara, Kenji, "Propagation of Compressional Waves in a Saturated
Soil", Proceedings, International Symposium on Wave Propagation and
Dynamic Pruperties of Earth Materials, University of New Mexico Press,
Albuguerque, N+, August 23-25, 1967.

18. Wood, A. B., A Textbook of Sound, G. Bell and Sons, London, 1930.

19. Lyakhov, G. M., "Shock Waves in the Ground and the Liquefaction of
Water Saturated Sand*, (Translation), Zhurnal Prikladnoy Medheniki 1
Tekhnicheskoy Fiziki, No. 1, pp. 38-46, 1961 (FTD-HS-108-71).

20. Barends, F. B8. J., "The Compressibility of An Air-Water Mixture in a
Porous redium", IGM Mededalingen, Part XX, No. 2, Delft Soil Mechanics
Laboratory, The Netherlands, August 1979.

21. Lyakhov, G. M. and Ployakova, . I., Waves in Solid Media and Loads on
Struciures, Volny v Plotnykh Sredakh i Negruzki na Sooruzheniya, 1967

(FTD-MT-23-1137-71).

22. Rischbieter, F. "Soil Liquefaction - A Survey of Research",
Proceedings, Fifth International Symposium on Military Applications of
BTast Simulation, Stockholm, Sweden, May I977.

23. Hart, R. D., A Fully Coupled Thermal-Mechanical-Fluid Flow Model for
Nonlinear Geologic Systems, Ph.D. Thesis, University of Minnesota,
March 1981.

¢
¥
i
'

R 100 RPPLIED RE/EARCH ROCIATE/INC.

e




APPENDIX A

Literature Survey

The following is a list of those references, by category, which were
found to be useful or particularly important.

A.1 Constitutive Modeling

A.1.1 Review Papers

Armen, H., "Assumptions, Models, and Computational Methods for
Plasticity"”, Computers and Structures, Vol. 10, pp. 161-174, 1979.

Desai, C. S. and Saxena, S. K., Implementation of Computer Procedures
and  Stress-Strain Laws in Geotechnical Engineering, Symposium
Proceedings, Acorn Press, Durnam, N.C., Chicago, 1981.

Hardin, Bobby 0., "Tne Nature of Stress-Strain Behavior for Soils" ASCE
Sepc. Conf. Earthquake Engineering and Soil Dynamics, Vol. 1, pp. 3-90,
Pasadena, CA, June [9/8.

Marti, J. and Cundall, P. A., Constitutive Laws for Dynamic Fodelling
of Soils, EQARD-TR-80-7, Dames and Moore Job No. 11645-001-60, 1980.

Nelson, I., Baron, M. L. and Sandler, 1., "Mathematical Models for
Geological Materials for Wave-Propagation Studies” Chapter 13 of Shock
Waves and the Mechanical Properties of Solids, Syracuse University
Press, Syracuse N.Y., 1971.

Read, H. E., Evaluation of Material Models for MX siting Vol. 1: Soil
Models, Final Report to AFBMO (Ballistic Missile Office) by Systems,
Science, and Softward (S3), La Jolla, California, 1979.

Schuster, S. H. and Isenberg, J., Equations of State for Geologic
Materials, DNA 29257, Agbabian Associates, L.A. California, Septemper
972,

Yong, R. K. and Ko, H-Y (Editors), Limit Equilibrium, Plasticity and
Generalized Stress-Strain in  Geotechnical Engineering, Workshop
Proceedings, McGill University, May 28-30, I930, Sponsored by NSF and
NSERC, ASCE, 1981.

A.1.2 Specific Models

a) Elasticity/Plasticity

Boresi, A., Sidebottom, 0., Seely, F. B. and Smith, J., Advanced
Mechanics of Materials, Third Edition, John Wiley, N.Y., 1932.

Bisplinghoff, R. L., Mar, J. W. and Pian, T. H., Statics of Deformable
Solids, Massachusetts Institute of Technology, 1963.

101 RAPPLIED RE/EARCH RIOCIATY,INC.




Dougill, J. W., "Some Remarks on Path Independence in the Small in
Plasticity”, Quarterly of Applied Mechanics, October 1975, pp. 233-243,
1975.

Drucker, D. C., Gibson, R. E. and Henkel, D. J., "Soil Mechanics and
Work Hardening Theories of Plasticity", Transactions ASCE, Vol. 122,
pp. 338-346, 1957.

Drucker, D. C. and Prager, W., "Soil Mechanics and Plastic Analysis or
Limit Design", Quarterly of Applied Mathematics, Vol. 10, pp. 157-165,
No. 2.

Hill, R., The Mathematical Theory of Plasticity, Oxford University
Press, London, 1950.

Isenperg, J., Nuclear Geoplosics, Part II: Mechanical Properties of
Earth Materials, Prepared for DNA, Washington, by Agbabian Associates,
E1 Segundo, CA, November 1972.

Koiter, W. T., "Stress-Strain Relations, Unigueness and Variational
Theorems for Elastic-Plastic Materials with a Singular Yield Surface",
Quarterly of Applied Methametics, Vol. II, pp. 350-354, 1u53.

b) *“Curve-Fitting Models"

Duncan, J. M. and Chang, C. Y., "Nonlinear Analysis of Stress and
Strain in Soils" Journal of the Soil Mechanics and Foundations
Division, ASCE, Vol. 96, No. SM5, pp. 1629-1653, September 1970.

Pyke, Robert, "Nonlinear Soil Models for Irregular Cyclic Loadings"
Journal of the Geotechnical Engineering Division, Vol. 105, No. GT 6,
pp. 715-726, Proc. Paper No. 14642, June 19/9.

¢} Cap Model

Baladi, G. Y. and Akers, S. A., Constitutive Properties and Materia)
Model Development for Marine Sediments in Support of the Subseabed
Oisposal Program, U.S5S. Army Engineer Waterways Experiment Station,
Vicksburg, Miss., for Sandia National Laboratories, March 1981.

Baladi, G. Y., An Effective Stress Model for Ground Motion Calculations
U.S. Army Engineer Waterways Etxperiment Station, Vicksburg, Miss. TR
SL-79-7, September 1979.

Baladi, G. Y., An Elastic-Plastic <C(onstitutive Relation for :?
Transverse-Isotropic Three-Phase Earth Materials, U.W. Army Engineer D
Waterways Experiment Station, Vicksburg, Miss., August 1978.

DiMaggio, F. L. and Sandler, I. S., "Material Model for Granular i

Soils", Journal of the Engineering Mechanics Division, ASCE, Vol. 97, ‘J
No. EM3, pp. 935-950, 1971. ‘

102 RPPLIED RE/ERRCH ANOCIATE/,INC.

M _




Rubin, D. and Sandler, 1., Development of a High Pressure Cap Model for
Use in Computations of Ground Shock from Subsurface Explosions,
Weidlinger Associates for DNA, 1977.

Sandler, I. S., Material Modeling Based on CIST Test and Laboratory
Data, Report DNA 3970F Weidlinger Associates, N.Y., NY, March 1976.

Sandler, I.S., ODiMaggio, F. L. and Baladi, G. Y., "Generalized Cap
Model for Geological Materials" Journal of the Geotechnical Engineering
Division, ASCE, Vol 102, No. GT7, pp. 683-699, 1976.

Sandler, I.S. and Rubin, D., Ground Shock on Alluvial Geologies; Study
of the Effect of Cementation Breakdown and Pore Air Phenomena,
WeidTinger Associates, N.Y., NY, 1980.

Schofield A. and Wroth, P., Critical State Soil Mechanics, McGraw-Hill
Book Company, 1968.

d) Lade's Model

Lade, Poul V., "Elasto-Plastic Stress-Strain Theory for Cohesionless
Soil with Curved Yield Surfaces", Int. J. Solids Structures, Vol. 13,
pp. 1019-1035, 1977.

Lade, Poul V., "Prediction of Undrained Behavior of Sand" Journal of
the Geotechnical Division, ASCE, Vol. 104, No. GT6, pp. 721-735, June
1978.

Lade, Poul V. and Duncan, J. M., "Elasto-Plastic Stress-Strain Theory
for Cohesionless Soil"*, Journal of the Geotechnical Engineering
Division, ASCE, Vol. 101, No. GT10, pp. 1037-1053, October 19/5.

Lade, Poul, V. and Musante, H. M., “"Three Dimensional Behavior of
Remolded Clay", Journal of the Geotechnical Engineering Division, ASCE,
Vol. 104, No. GTZ2, pp. 193-209, February 19/8.

e) Prevost's Model

Prevost, J. H., “Plasticity Theory for Soil Stress-Strain Behavior”,
Journal of the Engineering Mechanics Division, ASCE, Vol. 104, No. EMS5,
October 1978.

i

Prevost, J. H., "Mathematical Modeling of Soil Stress-Strain-Strength
Behavior" Proceedings, Third International Conference on Numerical
Methods in Geomechanics, Aachen, pp. 34/-361, 26 April, 1979.

.

Prevost, J. H. and Hoeg, K., "Soil Mechanics and Plasticity Analysis of
Strain Softening", Geotechnique, Vol. 25, No. 2, pp. 279-297, 1975.

Prevost, J. H. and Hoeg, K., "Effective Stress-Strain-Strength Model
for Soils", Journal of the Geotechnical Engineering Division, ASCE,
vol. 101, No. GT3, March 1975,

) 103 APPLIED REFERRCH RFOCIARTE/,INC.




f) Endochronic Models

Bazant, Z. and Krizek, R., “Endochronic C(Constitutive Law for
Liquefaction of Sand", Journal of the Engineering Mechanics Division,
ASCE, Vol. 102, EM2, pp. 225-238, April 1976.

Cuellar, V., Bazant, Z., Krizek, R. and Silver, M., "Densification and
Hysteresis of Sand Under Cyclic Shear" Journal of the Geotechnical
Engineering Division, ASCE, Vol. 103, No. GT5, pp. 399-416, May 19/77.

Dunger, R. and Nuh, S., "Endochronic-Critical State Models for Sand",
Journal of the Engineering Mechanics Division, ASCE, Vol 106, No. EM6,
October 1980.

Hsieh, B. J., "On the Uniqueness and Stability of Endochronic Theory",
Transactions of the ASME, Vol. 47, December 1980,

Read, H. E. and Valanis, K. C., An Endochronic Constitutive Model for
General Hysteretic Response of Soils, Systems, Science and Software, !
San Diego, CA, EPRI Report NP-957, Project 810, January 1979.

Read, H. E. and Valanis, K. C., New Endochronic Plasticity Models for
Soils, Systems, Science and Software, La Jolla, CA, Final Report to
EPRI, Report NP 1388, April 1980.

Valanis, K. C. and Read, H. E., “A Theory of Plasticity for Hysteretic
Materials - I: Shear Response" Computers and Structures, Vol. 8, pp.
503-510, 1978.

g) Miscellaneous Modeling

Dafalias, Y. F. and Popov, E. P., "A Model of Non-Linearity Hardening
Materials for Complex Loading”, ACTA Mech., Vol. 21, pp. 173-192, 1975.

Davis, R. 0. and Mullenger, G., Rate-Type Fluid Model for Granular
Media with a Critical State, AFWL-TR-77-143, DNA, Washington, D.C.,
19/8.

E Finn, W. D. L., Lee, K. W. and Martin, G. R., "An Effective Stress
model for Liquefaction", Journal of the Geotechnical Engineering
Division, ASCE, Vol. 103, No. GT6, pp. 517-533, June 1977.

Mroz, Z, Norris, V. A. and Zienkiewicz, 0. C., "Application of an
Anisotropic Hardening Model in the Analysis of Elasto-Plastic
Deformation of Soils" Geotechnigue 29, No. 1, pp. 1-34, 1979.

Mroz, Z., "On the Description of Anisotropic Work Hardening", J. Mech.
Phys. Solids, Vol 15, pp. 163-175, 1967,

Zienkiewicz, 0. C., Humpheson, C. and Lewis R. W., "Associated and

Non-Associated Visco-Plasticity and Plasticity in Soil Mechanics”
Geotechnique, Vol 25, No. 4, pp. 671-689, 1975.

104 RPPLIED RE/ERRCH RLOCIATE/INC.




A.1.3 Calculational Studies/Modeling

Bathe, K. J., Ozdemir, H. and Wilson, E. L., Static and Dynamic
Geometric and Material Nonlinear Analysis, Structural Engineering
Laboratory, University of Califurnia, berkeley, California, February
1974,

Blouin, S. E. and Wolfe, S. H., Analysis of Explosively Generated
Ground Motions wusing Fourier Techniques, U.S. Army Cold Regions
Research and Engineering Laboratory, Hanover, N.H. (CRREL Report 76-28)
August 1976.

Bratton, J. L., Effects of Material Properties on Cylindrical Wave
Propagation in Geologic Materials, AFWL-TR-77-184, CERF, University of
New Mexico, Albuquerque, NM, October 1978.

Cooper, H. F., Jdr., On the Application of Finite Difference Methods to
Study Wave Propagation 1in Geologic Materials, AFWL-TR-70-171, April
1971,

Davis, R. 0., Jr., One-Dimensional Wave Propagation in Bilinear Media,
E. H. Wang CERF, AFWL-TR-70-117, December 1970.

Desai, C. S., Applications of the Finite Element Method in Geotechnical
Engineering, Proc. WES Symp. Appl. Finite Element Method Geotech. Eng.
U.S. Army Engineer Waterways Experiment Station, Vicksburg, Miss., 1972.

Desai, C. S. and Christian, J. T., Numericai Methods in Geotechnical
Engineering, McGraw-Hill Book Company, 1977.

Fedock, J. J., Application of a Soil Cap Model to Ground Motion
Analysis, AFWL-TR-77-134, University of New Mexico for DNA, 1978.

Isenberg, J., Vaughan, D. K. and Sandler, I., Non-Linear Soil-Structure
Interaction, EPRI NP-945 (Project 810-2), Weidlinger Associates, Menlo
Park, CA, December 1978.

Lodde, P. F., CIST 19 Analysis and Derivation of Dynamic Properties for
Misers Bluff Site, AFWL-TR-/8-252, CERF for AFWL/DNA, University of New
Mexico, Albuquerque, NM, August 1979.

Prevost, J. H., Cuny, B., Hughes, T. J. R. and Scott, R. F., "Offshore
Gravity Structures: Analysis", Journal of the Geotechnical Engineering
Division, ASCE, Vol. 107, No. GT2, pp. 143-165, February 1981.

Sandler, I. and Rubin, D., A Modular Subroutine for the Cap Model,
DNA001-75-C-0076, Weidlinger Associates, NY, NY, January 2, 1976.

Whitman, L. and Wright, J., Tensile Behavior of Geologic Material in
Ground Shock Calculations DNA 001-75-C-0076, WeidTinger Associates, NY,
NY, June 19/5.

105 RPPLIED RE/ERRCH ALOCIATE/,INC.




A.2

Insitu Behavior

A.2.1 Explosive Loading

Amend, J. H., III, Ullrich, G. W. and Thomas, J. N., Have-Host
Cylindrical In-Situ Test (CIST) Data Analysis and Material Model
Report, AFWL-TR-74-136, AFWL, KAFB, NM, Octoper 1977.

Cooper, H. F., Jr. and Blouin, S. E., "Dynamic In-Situ Rock Properties
from Buried High Explosive Arrays, Dynamic Rock Mechanics, Twelfth
Symposium on Rock Mechanics, American Institute of Mining,
Metallurgical, and Petroleum Engineers, Inc., N.Y., 1970.

Davis, S. T., Capt., General Test Plan for the Cylindrical In-Situ Test
(CIST), AFWL-TR-74-136, AFWL, KAFB, NM, June 1974.

Hadala, P. F., Effect of Constitutive Properties of Earth Media on
Qutrunning Ground Shock from Large Explosions, U.S. Army Engineer
Waterways Experiment Station, Vicksburg, Miss, TR S-73-6 August, 1973.

Higgins, C. J., Johnson, R. L. and Triandafilidis, G. E., The
Simulation of Earthquake-Like Ground Motions with High Explosives,
Report No. CE-45 (78) NSF-507-1 on NSF Grant ENG 75-21580, The
University of New Mexico, Albuguerque, NM, July 1978.

Fedorovski, V. G., "Ixpansion of a Cylindrical Borehole in an
Elastoplastic Medium", Translated from Qsnovania, Fundameny i Mekhanika
Gruntov, Plenum Publishing Corp., NY, NY, No. 2, pp. 28-30, March-April
1972.

Johnson, J. N., Dropek, R. K. and Schmitz, D. R., Simulation of the
Load-Unload Paths Experienced by Rock in the Vicinity of Buried
EX?IOSions, ONA 4841F Terra Tek, Inc., Salt Lake City, Utah, December

Lyakhov, G. M. and Polyakova, N. I., Waves in Solid Media and Loads on
Structures, (Translation) Volny v Plotnykh Sredakh 1 Nagruzki Na
Soorruzheniya, pp. 1-232, 1967.

Trulio, J. G. and Vincent, C. T., “Trajectory Analysis, An Aid in
Defining the MX System Ground Motion Part 2: Plan for a Key Proof
Test: 10-TON HE Event in Dry Alluvium", ATR-80-52-1, for AFWL, March
1980.

Workman, J. W., Trulio, J. G. and Stokes, E. S., "Trajectory Analysis,
an Aig in Defining the MX System Ground Motion, Part I: Uncertainty in
Strain Paths form Observed Spherically Symmetric Motion and Methods for
Determining Strain Paths in Axisymmetric Fields of Motion",
ATR-80-52-1, for AFWL, March 1980.

Workman, J. W., Trulio, J. G. and Stokes, E. S., Modeling the Behavior
of Geologic Materials in Explosive Field Events, Applied Theory, Inc.,
Las Angeles, California, AFWL-TR-80-66, January 1981.

106 APPLIED RESERRCH ANOCIATE/,INC.




A.3

A.2.2 Shear Testing

Arango, I. and Moriwaki, Y., “Comparison Between In-Situ and
Laboratory-Determined Dynamic Shear Velocity and Modulus", Draft to
ASCE, 1977.

Anderson, D. G. and Espana, C., Evaluation of the In Situ Testing
Methods for High Amplitude, Dynamic Property Determination, Final
Report to EPRI, Report No. NP-920 by Fugro, Inc., Long Beach, CA,
November 1978.

Lodde, P. F., Review of Wave Propagation Techniques for Determining the
In-Situ High Amplitude Shear Behavior of Geologic Materials,
AFWL-TR-79-152, University of New Mexico, ATbuquerque, NM, September,
1980.

Pyke, R., "Measurement of Dynamic Soil Properties-Discussion", ASCE
Geotechnical Engineering Division Specialty Conference on Earthquake
Engineering and Soil Dynamics, Pasadena, CA, June 1978.

Wilson, S. O., Brown, F. R., Jr. and Schwartz, S. D»., "In-Situ
Determination of Dynamic Soil Properties" Dynamic Geotechnical Testing,
ASTM STP 654, American Society for Testing and Materials, pp. 295-317/,
1978.

Laboratory Testing

Arthur, J. R. F., Chua, K. S. and Dunstan, T., "Dense Sand Weakened by
Continuous Principal Stress Direction Rotation”, Geotechnique, Vol. 29,
No. 1, pp. 91-96, 1979.

Arthur, J. R. F., Chua, K. S. and Dunstan, T., "Induced Anisotropy in a
Sand", Geotechnique, Vol. 27, No. 1, pp. 13-30, 1977.

Arthur, J. R. F. and Menzies, B. K., "Inherent Anisotropy in a Sand”,
Geotechnique, Vol. 22, No. 1, pp. 115-128, 1972.

Bishop, A. W. and Henkel, D. J., The Measurement of Soil Properties in
the Triaxial Test, Edward Arnold Publishers, (td., London, 1957.

Bjerrum, L. and Landva, A., "Direct Simple-Shear Tests on a Norwegian
Quick Clay", Geotecnnique, Vol. 16, pp. 1-20, January 1966.

Green, G. €. and Bishop, A. W., "A Note on the Drained Strength of Sand
Under Generalized Strain Conditions“, Geotechnique, Vol. 19, No. 7, pp.
144-149,

KHardin, B. 0. and Drnevich, V. P., "Shear Modulus and Damping in
Soils: Measurement and Parametric Effects", Journal of the Soil

Mechanics and Foundations Division, ASCE, Vol 98, No. SM6, pp. 603-624,
June 1972,
107 APPLIED RE/ERRCH RIOCIATE/,INC,




Hardin, B. U. and Richart, F. E., "Elastic Wave Velocities in Granular
Soils*, Journal of the Suil Mecnanics and Foundations Division, ASCE,
vol. 89, No. SMI, pp. 33-65, February 1963.

Hirschfela, R. C. and Poulos, S. J., "High-Pressure Triaxial Tests on a
Compacted Sand and an Undisturbed Silt", Laboratory Shear Testing of
Soils, ASTM Special Technical Publication, No. 361, September 1963.

Jackson, J. G., Jr., Ehrgott, J. Q. and Rohani, B., "Loading Rate
Effects on Compressibility of Sand", Journal of the Geotechnical
Engineering Division, ASCE, Vol. 106, No. GT8, pp. 839-852, August 1980.

Jackson, J. G., Jdr., "Material Response Characterization",
Miscellaneous Paper S-77-11, U.S. Army Engineer Waterways Experiment
Station, Vicksburg, Miss., August 1977

Lee, K. L., and Seed, H. B., "Drained Strength Characteristics of
Sand", Journal of the Soil Mechanics and Foundations Division, ASCE,
Vol. 93, No. SMe, pp. 177-141, November I967.

Prevost, J. H., "Undrained Shear Tests on C(lays", Journal of the
Geotechnical Engineering Division, ASCE, Vol. 105, No. GTl, pp. 49-64,
January 1979,

Pyke, R., "Some Effects on Test Configuration on Measured Soil
Properties Under Cyclic Loading”, ASTM Geotechnical Testing Journal,
Vol. 1, No. 3.

Silver, M. L. and Seed, H. B., "Deformation Characteristics of Sands
Under Cyclic Loading" Journal of Soil Mechanics and Foundations
Division, ASCE, Vol. 97, No. SM8, pp. 1081-1098, August 1971.

i

Youd, L. T., “Compaction of Sands by Repeated Shear Straining”, Journal

aninfrSEnEh

of the Soils Mechanics and Foundations Division, ASCE, Vol. 98, No.
Sw7, pp. 709-725, July 1972.

Zelasko, J. S., Comparisons of MAP-Relevant Material Models in
Laboratory Coordinates, U.S. Army Engineer Waterways Experiment
Station, Soils and Pavements Laboratory, Vicksburg, Miss, DNA, 1977.

108 RPPLIED RE/ERRCH R/FOCIATE/,INC.

i Rt . .

L




APPENDIX B

Vefinitions and Notation

B.1 Coordinate System

For the so0il element model code, a consistant set of coordinate axes
has been maintained as much as possible. Z-axijal, R-radial, and
T-tangential, have been used as subscripts.

4

The stress and strain tensors for this system are then:

%R Rz CRT RR Rz CERT
o g g € € €
(o] =] °RZ °2z °zT [e]= |%Rz ®2z 1
°RT %21 °TT €T Sz 1T

Summation notation is occasionally used here to minimize cumbersome
equations.

8.2 Invariants

Stress and strain invariants are useful in that they describe the
stress/strain state in quantities which are independent of coordinate axes
conf iguration. Stress invariants Jl' JZ‘ and J3 are defined here,
strain invariants 11, 12, and I3 follow similarly.
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The three invariants are the coefficients of the cubic equation:

oS + 0102 + Jy0 + J3 = 0

where S1s  Op» and o are the roots of the cubic, also known as
principal stresses, and:

O

Jp=o%r t o2zt o
§
9RR “RZ 9RR °RT °1z1 °17
J2= + +
%Rz °12 °RT °TT 71 °17
9RR %Rz °RT
J3 ={°pz 927 °z7
°RT 921 °TT

B.3 Deviatoric Stress/Strain

The stress deviator tensor is defined as:

[ -

(ogr = P) %7z %RT
[S;3q0pz  (o77 - P) opp

K o771 (o171 - PU

°RR + 27 + °TT
3

where P = pressure =

The deviator tensor is also refered to as [Sij].
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Jl‘, Jz'and J3; are the invariants of the stress deviator tensor. A
convenient derivable expression in terms of the full stress tensor is:

2 2 2 2 2

Jp' Yoz Yot t oy

2 = %R T %RR%TT T or7

Invariants of the strain deviator tensor, Il‘, IZ' and 13', follow
similarly.
B.4 Volume Behavior

As stated above P denotes mean confining stress, or pressure.

Volumetric strain, ExK> is defined as:

EKK is also known as the cubical dilitation, or the first strain f
invariant.

The excess compression, u, which is used in the AFWL model, is defined

as:
13
]
. €K _ %7 % 3
, €k + 1 [ ?

where p = density, and

p_ = initial density

0
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B.5 Modulii

L

In general, only three elastic mndulii are used for defining elastic
peinavior in this study:

Bulk Modulus = P/ g
Shear Modulus = (ozZ - ogp)! (€7- - €pp)

3K - 26
2(3K + G)

Poisson's Ratio =

<
i

B.6 Sign Convention

The SEM wuses a sign convention which 1is typical of finite
difference/finite element codes which are 1in wuse for geotechnical L
engineering. Tension is considered positive for the stress/strain tensor
quantities and compression 1is positive when describing volume behavior
quantities, such as mean confining stress. This is somewhat confusing to

follow, but necessary if the mouels which are developed with this program
are to be later implemented in larger codes.
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APPENDIX C
Sample SEM Exercises
Six examples are given to illustrate use of the Soil Element Model.
Note that units vary (SI, English, etc.) for each example. Any consistant
set of units may be used in the Soil Element Model.
Example I

Material: McCormick Ranch Sand

Model: Elastic
K = 8375 psi
G = 3865 psi

Loading: a) Initial geostatic pressure = 0.0 psi
Drained isotropic compression
° Load to 20 psi
Unload to 0 psi
Load to 50 psi

p) Drained Std. Triaxial
°* Load to 1 percent axial strain difference
* Unload to O psi stress difference
Load to 3 percent axial strain difference
Unload to O psi stress difference
Load to 7 percent axial strain difference i

F ok amam

Example 11

Material: McCormick Ranch Sand

Mode 1: Elastic ~ Plastic
K = 8375 pst
G = 3865 psi
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(ep}
"

260 psi

- 260 psi

0.016 (psi)~}
0.0 psi
0.0 psi

(]
|

b
¢

o
TCUT1
FCUT1

Loading: Same as Example I

Example III
Material: McCormick Ranch Sand

Model: Pyke's 1-D Curve Fit
K = 8375 psi
Ty = 210 psi
Gmax = 50,000 psi
Loading: Initial geostatic pressure - 0.0 psi
a) Drained Isotropic Pressure
° Load to 50 psi

b) Strain Controlled Pure Shear (ucing complete
strain reversal)
® 5 cycles at Yoz = 1.0 percent
* 5 cycles at Yoz = 0-4 percent
* 5 cycles at Y3z = 2.0 percent

Example IV
Material: McCormick Ranch Sand

Model: AFWL Engineering
o7 = 1.75 g/cc
VL = 0.30
vu = 0030
Ku = 74,000 psi
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K1 = 5,400 psi
= 12,300 psi
= 74,000 psi
= 74,000 psi
= 0 psi

P, = 150 psi
P, = 520 psi
T =0 psi
Y

S

= 0 psi
= 0.54
260 psi

-
=
li

Loading: Initial geostatic pressure = 0.0 psi
a) Drained Isotropic Compression
° Load to 20 psi
* Unload to O psi
° Load to 50 psi
°* Unloaa to 0 psi

b) Uniaxial Loading (Drained)
° Load to Axial Stress = 100 psi
° Unload to Axial Stress = O psi
°® Load to Axial Stress = 200 psi
° Unload to Axial Stress = 0 psi
° Load to Axial Stress = 250 psi

Example V

Material: McCormick Ranch Sand

Mode1: Cap Model
KiS = 7,50 ksi
Kls = 0-94 1
1.0 (ksi)™
G; = 40 ksi
G1 = 0.75

N
w
]
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3.0 (ksi)™!
0.0

no
"

]
L]

0.08 ksi
0.214 (ksi)™!
0.39 ksi
2.5

-1
0.7 (ksi)
0.U66

w
[

E O O O
[}

Loading: Initial geostatic pressure = 0.0 ksi
a) Drained Isotropic Compression
° Load to 0.010 ksi
Unload to 0.0 ksi
Load to 0.050 ksi

b) Drained Std. Triaxial

Load to 1 percent axial strain difference

Unload to 0 ksi stress difference

Load to 3 percent axial strain difference

Example VI

Material: Ocean Mud (Seabed Deposits)

Model: Effective Stress Cap

Kis = 20.0 MPa
0.999
0.0002 (MPa)~?
1875 MPa
KIM = 0.35 1
0.05 (MPa)~
0.60 MPa
Gl = "100

-1

200.0 (MpPa)
0.133336
0.00866 MPa

X
N
v wn

L] n

[<2]
~n
=

L} (]

-]
~N
L |

o
(7, ]
[ ]
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B = 0.0 (Wa)}
C = 0.0 MPa

K =4.0

D = 1.20 (wpa)~!
N = 0.42

Loading: Initial geostatic pressure = 0.037 MPa
a) Drained Isotropic Compression
* Load to 0.050 MPa
* Unload to 0.037 MPa
* Load to 0.086 MPa

b) Undrained Std. Triaxial Test

* Load to 2.0 percent axial strain
difference
Unload to 0.0 MPa stress difference
Load to 4.0 percent axial strain
difference
Unload to 0.0 MPa stress difference
Load to 8.0 percent axial strain
difference !

The following figures illustrate material response for the six examples
as outlined above.
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